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1.  Introduction 


1.1  Objective 

A  Comprehensive  Test  Ban  Treaty  (CTBT)  prohibiting  nuclear  weapons 
testing  is  expected  to  broaden  the  range  of  seismic  events  of  interest  in  treaty 
monitoring  to  include  both  smaller  events  and  events  in  geographic  regions 
which  were  not  previously  considered  important.  Rockbursts  present  some 
interesting  challenges  for  seismic  discrimination  in  this  new  CTBT  monitoring 
environment.  Rockbursts  and  related  mining-induced  seismic  events  are 
frequent  in  mining  regions  throughout  the  world  at  magnitude  levels  which  need 
to  be  addressed  under  a  CTBT.  Unlike  earthquakes,  which  often  occur  at  focal 
depths  well  below  those  normally  associated  with  underground  nuclear 
explosion  tests,  rockbursts  are  located  in  approximately  the  same  depth  range 
as  nuclear  tests;  and,  therefore,  standard  discriminants  based  on  focal  depth 
are  not  useful.  Observations  from  several  rockbursts  suggest  relatively  weak 
long-period  surface  waves  which  could  significantly  reduce  the  effectiveness  of 
the  Ms-vs-mb  discriminant  which  is  often  used  to  distinguish  between 
earthquakes  and  explosions.  Since  many  rockbursts  are  small,  the  best 
opportunities  for  seismic  identification  are  probably  those  which  utilize  regional 
seismic  measurements:  but  reliable  regional  discrimination  techniques  have  not 
been  established  or  tested  on  various  event  types,  including  rockbursts,  in 
many  regions  of  interest. 

Our  principal  objective  in  this  research  program  has  been  to  identify  and 
test  regional  discriminants  which  can  help  facilitate  the  identification  of  the 
numerous  rockburst  events  which  are  likely  to  be  encountered  in  CTBT 
monitoring.  For  this  purpose  we  have  been  pursuing  analyses  of  empirical  data 
from  rockbursts  in  a  variety  of  different  mining,  tectonic,  and  propagation 
environments.  We  have  also  been  investigating  theoretical  techniques  for 
modeling  several  of  the  varied  rockburst  mechanisms  and  their  associated 
regional  seismic  signals  in  an  effort  to  better  characterize  those  types  of 
rockbursts  which  are  likely  to  be  problematic  for  seismic  discrimination.  Finally, 
there  is  evidence  in  several  case  histories  that  activation  of  rockbursts  might  be 
deliberately  triggered,  thereby  providing  an  opportunity  to  conceal  a 
clandestine  nuclear  test  if  the  timing  and  size  can  be  adequately  predicted.  We 
have  been  continuing  to  seek  historical  evidence  supporting  this  predictive 
capability,  and  we  hope  in  the  future  to  use  theoretical  model  studies  to  further 
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ass©ss  mining  conditions  which  might  b©  r©guir©d  to  ©ff©ct  such  ©vasion 
scanarios. 

1.2  Overview 

Aft©r  r©vi©wing  publishad  raports  on  rockbursts,  it  is  claar  that  such 
avants  occur  in  most  mining  ragions  {cf.  Figur©  1).  In  th©  cours©  of  our 
invastigations,  w©  hav©  raviawad  th©  bahavior  of  saismic  signals  from 
rockbursts  in  savaral  diffarant  sourc©  ragions  including  (1)  South  Africa,  (2) 
Cantral  Europa,  (3)  ©astern  U.S.,  (4)  western  U.S.,  and  (5)  Russia.  In  some  of 
these  areas  rockbursts  occur  frequently,  and  they  are  regarded  as  routine;  while 
in  other  mining  regions  rockbursts  are  irregular  and  the  unexpected  occurrence 
of  such  events  can  be  surprising  and  catastrophic.  In  some  of  our  prior  reports 
(cf.  Bennett  et  al.,  1994,  1995),  we  have  described  several  instances  of 
catastrophic  mine  collapses,  including  an  event  in  eastern  Germany  in  1989,  an 
event  in  Wyoming  in  1995,  and  an  event  in  the  Ural  mountains  of  Russia  in 
1995.  We  analyzed  discrimination  characteristics  of  the  regional  and 
teleseismic  signals  from  these  events  and  reviewed  the  seismic  source 
mechanisms  for  these  and  other  rockburst  sources. 

Our  recent  investigations  have  focused  primarily  on  rockbursts  from 
areas  where  their  occurrence  is  considered  routine.  In  particular,  we  have  been 
analyzing  the  characteristics  of  the  regional  signals  from  rockbursts  in  three 
repetitive  source  areas  (cf.  Figure  2):  (1)  the  South  African  gold-mining  region, 
(2)  coal-mining  and  copper-mining  regions  in  Poland,  and  (3)  coal  mines  in 
eastern  Kentucky  and  western  Virginia.  We  had  previously  looked  at  the 
regional  signals  recorded  at  older,  traditional  seismic  stations  from  the  South 
African  mine  tremors  and  Polish  rockbursts  and  found  evidence  in  both  areas 
that  time-domain  measurements  of  Lg/P  ratios  tended  to  be  large,  like  those 
seen  for  earthquakes.  This  behavior  contrasts  with  that  seen  for  many  nuclear 
explosions  and  seems  to  offer  considerable  promise  for  regional  discrimination. 
In  the  latest  phase  of  this  research  program,  we  have  attempted  to  conduct 
more  thorough  and  systematic  analyses  of  the  Lg  and  P  signals  recorded  at 
selected  more  modern  regional  stations  for  events  in  each  of  the  repetitive 
source  zones  noted  above.  For  each  source  zone  we  selected  a  high-quality 
digital  station  in  the  regional  distance  range  which  reports  to  the  International 
Data  Center  (I DC)  and  which  would  be  critical  to  regional  seismic  monitoring 
there  under  a  CTBT.  Because  the  rockbursts  in  each  of  these  source  zones 
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Figure  2.  Locations  of  the  three  regions  with  recurring  rockburst  activity 
which  have  been  the  focus  of  recent  discrimination  studies. 


occur  with  such  frequency,  we  were  able  to  collect  from  a  two-year  monitoring 
interval  a  fairly  large  waveform  database  of  events  from  each  area.  In  place  of 
simple  time-domain  measurements  of  the  maximum  P  and  Lg  amplitudes,  we 
obtained  more  rigorous  spectral  estimates  of  the  Lg  and  regional  P  signals 
derived  from  bandpass  filter  analyses.  These  spectral  estimates  were  used  to 
form  Lg/P  ratios  as  a  function  of  frequency.  In  some  source  areas  multiple 
rockbursts  were  associated  with  individual  mines,  so  we  were  also  able  to 
analyze  to  some  extent  sensitivities  in  the  measurements  to  different  mine 
locations  or  possible  variations  in  mining  practice. 

Because  there  were  no  nuclear  explosion  tests  in  the  same  source 
regions  as  the  rockbursts,  we  were  forced  to  extrapolate  experience  from  other 
areas  to  analyze  discrimination  characteristics.  In  particular,  we  used  regional 
recordings  of  selected  nuclear  explosion  tests  from  the  Nevada  Test  Site  (NTS) 
and  from  the  former  Soviet  test  site  in  East  Kazakhstan  at  Shagan  River.  The 
epicentral  distances  to  the  regional  recording  stations  for  the  NTS  explosions 
were  about  the  same  as  those  for  most  of  our  rockburst  observations,  while  the 
observation  distance  for  the  Shagan  River  explosions  was  farther  away.  We 
have  made  our  discrimination  comparisons  without  regard  to  possible 
propagation  effects.  Accounting  for  such  propagation  effects  on  regional  phase 
signals  is  the  subject  of  on-going  research  in  regional  discriminant 
transportability  and  is  beyond  the  scope  of  the  research  reported  here. 

1.3  Report  Organization 

This  report  is  divided  into  six  sections  including  these  introductory 
remarks.  In  Section  2  we  show  examples  of  the  bandpass  filter  analysis 
procedure  applied  to  regional  waveforms  for  rockbursts  and  nuclear  explosions, 
and  we  describe  our  discrimination  analyses  of  the  Lg/P  ratios  as  a  function  of 
frequency  for  the  South  African  mine  tremors.  Section  3  provides  similar 
regional  discrimination  analyses  for  Polish  rockbursts.  In  Section  4  we  describe 
the  results  of  the  same  kind  of  Lg/P  ratio  measurements  and  discrimination 
analyses  for  eastern  U.S.  events  including  mine  bumps  in  eastern  Kentucky 
and  western  Virginia  and  also  mine  blasts  and  earthquakes  from  this  source 
region.  Section  5  discusses  some  general  issues  with  regard  to  rockburst 
discrimination  and  their  mechanisms.  Finally,  in  Section  6  we  summarize  our 
observations  and  conclusions  and  discuss  some  ideas  for  future  investigations 
on  rockburst  discrimination. 
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2.  South  African  Mine  Tremors 


2.1  Background  on  South  African  Events 

Rockbursts,  or  mine  tremors  as  they  are  called  in  South  Africa,  occur  in 
association  with  deep  (2-4  km)  gold  mines  in  an  arcuate  zone  extending  250 
km  from  east  of  Johannesburg  to  the  west  and  southwest  into  the  Orange  Free 
State.  In  prior  reports  (cf.  Bennett  et  al.,  1993,  1994,  1995)  we  have  described 
the  characteristics  of  the  induced  seismicity  in  this  zone  and  the  source 
mechanisms  of  mine  tremors.  To  summarize,  seismicity  associated  with  mine 
tremors  in  this  area  is  frequent  (on  the  order  of  100  events  per  year  with 
magnitudes  greater  than  3  Ml)  cind  events  are  often  large  (events  with 
magnitudes  of  5  Ml  or  greater  occur  on  average  more  than  once  a  year). 
Rockburst  activity  associated  with  the  deep  South  African  gold  mines  is 
considered  routine,  and  local  seismic  monitoring  and  mining  engineering 
analyses  have  been  used  for  many  decades  to  investigate  the  occurrence  of  the 
mine  tremors  and  their  relation  to  mining  practice.  Rock  failure  in  the  mines 
normally  occurs  in  regions  of  maximum  stress  concentrations  near  the  edges  of 
the  excavation  and  produces  nearly  continuous  seismic  activity  on  fracture 
planes  within  several  tens  of  meters  of  the  advancing  mine  working.  The  in  situ 
stress  conditions  for  the  mining  areas  (cf.  Gay,  1975,  1977)  most  often  show  a 
nearly  vertical  pressure  axis  and  horizontal  tension  axis  which  is  conducive  to 
normal  dip-slip  fault  movement.  Observations  from  many  large  South  African 
mine  tremors  support  the  conclusions  that  they  are  associated  with  shear  failure 
on  fracture  planes  near  the  excavation  (cf.  McGarr,  1971;  McGarr  et  al.,  1979) 
and  that  residual  strain  energy  related  to  regional  tectonics  may  contribute  to 
the  total  energy  released  during  the  events.  Such  events  have  a  double-couple 
mechanism  and  produce  a  quadrantal  pattern  of  first  motions  similar  to 
earthquakes,  and  they  should  be  essentially  indistinguishable  from 
earthquakes.  However,  some  of  the  mine  tremor  mechanisms  may  be  more 
complex;  and,  as  pointed  out  in  our  previous  reports  (cf.  Bennett  et  al.,  1995), 
these  South  African  events  often  generate  weak  Ms  relative  to  mb,  which  is 
distinct  from  typical  earthquakes  and  tends  to  be  similar  to  explosions. 

In  an  earlier  phase  of  this  research  program  (cf.  Bennett  et  al.,  1994),  we 
assembled  a  database  including  61  events  thought  to  be  mine  tremors, 
because  of  their  locations  within  the  seismic  zone  associated  with  the  South 
African  gold  mines,  and  18  events  thought  to  be  earthquakes,  which  were 
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located  in  southern  Africa  outside  the  mining  zone.  The  events  had  magnitudes 
from  2.3  Ml  to  5.5  Ml  and  occurred  during  the  time  period  from  1980  to  1991. 
For  the  larger  events  we  looked  at  the  teleseismic  measurements,  but  the 
smaller  events  were  not  well  recorded  beyond  regional  distances.  In  our 
regional  discrimination  analyses  of  these  events,  we  used  regional  signals 
recorded  at  the  DWWSSN  station  Silverton  (SLR)  which  was  located  at 
distances  between  60  km  and  305  km  from  the  mine  tremor  sources.  Figure  3 
shows  a  comparison  of  the  maximum  Lg  amplitudes  versus  maximum  regional 
P  amplitudes  for  31  mine  tremors  and  10  earthquakes  measured  from  the 
vertical-component  (sz)  records  at  SLR.  On  average  the  maximum  Lg 
amplitudes  for  the  mine  tremors  are  a  factor  of  five  larger  than  the  maximum  P 
amplitudes,  and  similar  measurements  for  the  earthquakes  fall  in  the  same 
range.  Since  the  earthquakes  and  mine  tremors  were  at  somewhat  different 
distances  from  SLR,  we  applied  distance  corrections  using  attenuation  relations 
appropriate  to  South  Africa  and  replotted  the  amplitude  comparisons  in  Figure 
4.  Lg/P  ratios  still  show  an  average  of  about  five  for  both  mine  tremors  and 
earthquakes.  For  comparison,  Blandford  (1981)  showed  similar  time-domain 
maximum  Lg  and  P  amplitudes  (normalized  to  the  same  distance  range)  for 
NTS  nuclear  tests  with  the  corresponding  Lg/P  ratios  averaging  only  about  0.7, 
much  smaller  than  those  for  the  South  African  mine  tremors  and  earthquakes. 
Therefore,  regional  measurements  of  relative  amplitudes  of  Lg  and  P  signals 
appear  to  offer  some  promise  for  distinguishing  mine  tremors  or  rockbursts  from 
underground  nuclear  explosion  tests;  and  we  have  investigated  this  prospect 
further  as  the  project  has  continued. 

2.2  Supplemental  Data  for  South  African  Events 

Additional  high-quality  digital  data  for  South  African  mine  tremors  at 
regional  distances  have  become  available  in  the  last  couple  of  years  from  the 
station  at  Boshof,  South  Africa  (BOSA),  which  is  an  IDC  alpha  3-component 
station.  During  this  time  we  have  attempted  to  collect  waveforms  recorded  at 
BOSA  from  a  representative  sample  of  South  African  mine  tremors.  There  has 
been  no  attempt  on  our  part  to  obtain  a  complete  sample:  we  have  instead 
relied  on  IDC  and  NEIS  event  catalogs  to  identify  events.  Because  of  the 
procedures  used  in  forming  these  catalogs,  it  seems  likely  that  many  smaller 
mine  tremors  from  this  region  are  not  included. 
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Figure  3.  Comparisons  of  the  maximum  P  versus  Lg  amplitudes  measured 
from  time-domain  records  at  DWWSSN  station  SLR  from  31  South  African 
mine  tremors  and  10  southern  Africa  earthquakes. 


Figure  4.  Distance-normalized  P  versus  Lg  amplitudes  for  South 
African  events  observed  at  station  SLR. 


Table  1  shows  a  list  of  21  events  from  the  South  African  gold  mining 
region:  based  on  their  locations  we  assume  these  events  are  mine  tremors. 
The  majority  of  events  shown  come  from  information  supplied  by  the  IDC  except 
for  the  two  earliest  events.  The  magnitudes  in  all  cases  are  body-wave 
magnitudes  and  cover  a  range  from  3.65  mb  to  5.60  mb-  Because  the  mine 
tremors  come  from  several  different  mines,  the  epicentral  distances  to  station 
BOSA  range  from  160  km  to  388  km. 

Figure  5  shows  the  locations  of  the  events  in  the  database  relative  to 
station  BOSA.  The  event  locations  tend  to  show  clustering  in  the  vicinity  of 
several  mines.  The  southernmost  cluster,  closest  to  BOSA,  corresponds  to  the 
Orange  Free  State  mines  near  Welkom  and  includes  six  of  the  events  in  Table 
1.  The  cluster  just  to  the  north  includes  five  events  and  corresponds  to  the 
Klerksdorp  mining  area.  Still  farther  north  the  event  locations  are  more  spread 
out  along  an  east-west  trend  which  follows  the  structure  and  a  high 
concentration  of  gold  mines  from  Far  West  Rand  to  Central  Rand.  Historically 
mine  tremors  have  also  been  associated  with  gold  mining  somewhat  farther 
east  (East  Rand)  nearer  Johannesburg,  but  none  of  those  were  reported  by  the 
IDC  during  this  time  period.  The  three  events  at  the  westernmost  end  of  the 
trend  have  locations  which  are  somewhat  west  of  most  of  the  historical  mine 
tremor  seismicity.  This  is  particularly  true  for  the  event  of  September  2,  1995 
which  has  a  reported  location  almost  150  km  west  of  the  Far  West  Rand  mining 
area.  Although  there  are  gold  mines  in  this  area,  they  have  not  historically 
shown  much  evidence  of  induced  seismicity.  There  are  three  possible 
explanations  for  these  events:  (1)  they  are  mine  tremors  from  Far  West  Rand 
which  have  been  mislocated,  (2)  they  are  mine  tremors  from  a  relatively  new 
area,  or  (3)  they  are  not  mine  tremors  but  some  other  type  of  seismic  source. 
Based  on  similarities  between  the  waveforms  at  BOSA  for  these  and  other  mine 
tremors  from  the  Far  West  Rand  mining  area,  we  believe  that  explanation  (1)  is 
the  most  likely.  The  events  of  September  2,  1995,  June  30,  1995  and  August  8, 
1995  are  probably  mine  tremors  from  Far  West  Rand. 

2.3  Analyses  of  Regional  Signals  from  the  Mine  Tremors 

We  have  analyzed  the  behavior  of  regional  signals  at  station  BOSA  from 
these  South  African  mine  tremors  using  similar  bandpass  filter  analyses  to 
those  described  in  several  of  our  prior  reports  (cf.  Bennett  et  al.,  1994,  1995).  In 
particular,  a  suite  of  narrow  bandpass  filters  with  progressively  higher  corner 
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Table  1.  South  African  Mine  Tremors  in  Supplemental  Database. 


Date 

Origin 

Time 

Lat  (S) 

R  (km) 
BOSA 

10/30/94  1  06:06:27 

28.03 

26.74 

5.60 

160 

01/02/95  1  15:16:02 

26.36 

27.22 

4.30 

325 

06/30/95 

16:58:34 

26.11 

26.36 

3.88 

300 

07/04/95 

06:3’8:i4 

1  27.80 

26.68 

4.47 

165 

08/08/95 

17:41:55 

26.15 

26.57  ' 

3.76 

300 

08/1 1/95 

11;53;01 

r  26.40 

27.23 

4.04 

315 

09/02/95 

18:40:40 

26.08 

25.46 

3.65 

280 

09/03/95 

08:12:23 

26.90 

26.64 

4.33 

235 

09/05/95 

00:03:30 

25.97 

27.60 

3.95 

375 

09/12/95 

13:11:45 

27.78 

26.64 

4.23 

165 

12/17/95 

22:31:31 

27.82 

26.69 

4.55 

i  166 

01/16/96 

22:45:43 

27.83 

26.62 

4.27 

160 

02/25/96 

06:18:17 

26.93  1 

"'‘"“26."70‘ . "1 

235 

03/01/96 

05:34;28 

26.16 

28.06 

4.32 

388 

03/12/96 

18:49:01 

26.83 

26.56 

4.54 

236 

03/27/96 

22:28:38  | 

r'"'26’27 . : 

■”"”26.94  i 

3.77 

308 

04/25/96 

16:50:56  | 

i  26.93 

26.59  1 

3.99 

228 

04/2:6/96 

17:12:55  1 

26. Jo  : 

27.10  1 

'  '3.90 

315 

04/29/96 : 

18:53:00  | 

. 27J4 . 

. . 

'“’”3.75 

163 

04/29/96 

21:07:18 

26.37 

27.33  1 

4.02 

322 

05/06/96 

17: 17:33  ! 

26.94 

26.90  ! 

4.26 

246 
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Figure  5.  Map  showing  the  locations  of  21  South  African  events  from  mine  tremor  zones 
associated  with  deep  gold  mining  relative  to  station  BOSA. 


frequencies  was  applied  to  each  of  the  vertical-component  records.  The 
sequence  of  eight  filters  covered  overlapping  passbands  of  0.01  -  0.1  Hz,  0.1  - 
1.0  Hz,  0.5  -  2.0  Hz,  1.0  -  3.0  Hz,  2.0  -  4.0  Hz,  3.0  -  6.0  Hz,  4.0  -  8.0  Hz,  and  6.0  - 
12.0  Hz.  Figure  6  shows  the  results  of  the  bandpass  filter  analysis  applied  to 
the  vertical-component  record  at  BOSA  from  the  Orange  Free  State  mine 
tremor  of  October  30,  1994;  the  filter  output  traces  have  been  individually 
normalized  in  this  representation.  The  plot  shows  a  strong  regional  P  phase 
which  appears  relatively  simple  at  low  frequencies  but  becomes  more  complex 
and  shows  greater  duration  at  high  frequencies.  The  next  prominent  arrival  on 
the  filtered  traces  is  the  Lg  phase  which  is  the  largest  signal  at  all  frequencies 
above  about  2  Hz.  This  signal  is  followed  by  a  strong  Rg  phase  which  shows 
clear  dispersion  for  frequencies  between  about  0.5  Hz  and  3  Hz.  Finally,  in  the 
lowest  frequency  band  (0.05  -  0.1  Hz),  there  is  evidence  of  a  fundamental-mode 
Rayleigh  wave. 

We  used  the  bandpass  filter  analysis  to  compute  Lg/P  ratios  as  a  function 
of  frequency  for  the  South  African  mine  tremors  recorded  at  BOSA.  For  each 
event  we  measured  the  peak-to-peak  maximum  amplitudes  in  the  Lg  and 
regional  P  group  velocity  windows  from  the  filter  output  trace  for  each  frequency 
band.  We  calculated  the  Lg/P  ratios  and  plotted  the  result  as  a  function  of  the 
center  frequency  corresponding  to  the  filter  passband.  Figure  7  shows  the  Lg/P 
ratios  as  a  function  of  frequency  for  14  South  African  mine  tremors  from  Table  1 
above.  The  ratios  show  considerable  scatter  between  events  but  generally  lie 
between  values  of  one  and  ten  over  the  range  of  frequencies  with  the  scatter 
appearing  somewhat  reduced  at  higher  frequencies.  The  Lg/P  ratios  for  the 
mine  tremors  also  seem  to  show  a  general  trend  to  decline  somewhat  with 
increasing  frequency.  Some  of  the  scatter  between  events  may  be  related  to 
propagation  differences  from  different  mines.  This  is  illustrated  in  Figure  7  by 
the  behavior  of  the  ratios  for  the  events  in  the  first  column  (generally  solid 
symbols),  which  correspond  to  five  events  from  the  Orange  Free  State  mine 
area,  and  for  the  events  in  the  second  column  (generally  hollow  symbols), 
which  correspond  to  five  events  from  the  Klerksdorp  mine  area.  The  solid 
symbols  seem  to  be  fairly  constant  or  increase  slightly  with  increasing 
frequency,  while  the  hollow  symbols  seem  to  show  more  of  a  decline.  Figure  8 
illustrates  the  average  trends  for  the  South  African  mine  tremors  from  the 
combined  areas  compared  to  Lg/P  averages  for  just  the  Orange  Free  State  and 
Klerksdorp  events.  The  average  Lg/P  ratio  for  all  areas  is  largest  at  about  1.25 
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Figure  7.  Lg/P  ratios  as  a  function  of  frequency  determined  at  station  BOSA  from 
bandpass  filter  analyses  for  14  South  African  mine  tremors. 
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Figure  8.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency 
measured  at  station  BOSA  for  the  total  event  sample,  five  events  in  Orange  Free 
State  mine  area,  and  five  events  in  Klerksdorp  mine  area. 


Hz  where  the  ratio  is  near  four  and  shows  a  slow  decline  to  values  near  two  for 
higher  frequencies.  The  average  Lg/P  ratio  for  the  Orange  Free  State  tremors 
has  a  maximum  value  of  three  near  3.0  Hz,  while  the  average  ratio  for  the 
Klerksdorp  tremors  has  a  maximum  value  between  six  and  seven  at  1.25  Hz. 
The  biggest  differences  in  Lg/P  ratios  between  the  two  different  source  areas 
appear  to  be  at  lower  frequencies  while  the  average  ratios  nearly  coincide  at 
higher  frequencies. 

We  do  not  have  nuclear  explosion  tests  in  South  Africa  to  permit  a  direct 
empirical  comparison  of  regional  signal  measurements  between  South  African 
mine  tremors  and  nuclear  explosions.  However,  we  do  have  observations  at 
regional  distances  from  NTS  nuclear  explosions  in  the  western  U.S.  and 
Shagan  River  nuclear  explosions  in  Eurasia.  The  NTS  nuclear  explosion 
records  we  used  in  this  study  were  from  the  four  Lawrence  Livermore  National 
Laboratory  (LLNL)  stations  at  ranges  between  230  km  and  410  km,  similar  to 
the  distance  range  of  the  South  African  mine  tremor  observations.  The  nearest 
regional  station  with  a  significant  sample  of  regional  recordings  from  Shagan 
River  nuclear  tests  is  the  Chinese  Digital  Seismic  Station  Network  (CDSSN) 
station  WMQ  at  a  range  of  about  950  km,  a  considerably  greater  distance  than 
that  of  the  mine  tremors  at  BOSA.  We  have  performed  similar  bandpass  filter 
analyses  on  samples  of  the  regional  recordings  from  nuclear  explosion  tests  at 
NTS  recorded  by  the  LLNL  stations  and  at  Shagan  River  recorded  by  WMQ. 
Figure  9  shows  the  results  of  the  bandpass  filter  analysis  applied  to  the  vertical- 
component  record  obtained  at  LLNL  station  KNB  (R  =  295  km)  from  the  NTS 
underground  nuclear  explosion  GORBEA.  The  initial  arrival  is  a  relatively  weak 
Pn  phase  followed  by  the  more  prominent  Pg  signals.  The  regional  P  signals 
appear  relatively  complex,  particularly  in  higher  frequency  passbands.  The  Lg 
is  the  most  prominent  signal  for  passbands  from  about  0.5  Hz  to  3.0  Hz  but 
tends  to  fall  off  and  become  indistinct  at  high  frequencies.  The  lowest  frequency 
passband  (0.01  -  0.1  Hz)  again  shows  a  clear  fundamental-mode  Rayleigh 
wave. 

We  applied  the  same  bandpass  filter  analysis  to  a  sample  of  ten  NTS 
nuclear  explosion  tests  recorded  by  the  four  LLNL  array  stations.  We  computed 
the  Lg/P  ratios  as  a  function  of  frequency  for  the  NTS  nuclear  tests  using  the 
bandpass  filter  analysis  results  in  the  same  manner  as  described  above.  We 
next  averaged  the  ratios  over  all  the  explosions  and  ail  stations.  The  average 
Lg/P  ratios  are  plotted  in  Figure  10.  The  average  Lg/P  ratios  for  the  NTS 
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Figure  9.  Example  of  bandpass  filter  analysis  applied  to  KNB  record  for  the 
NTS  nuclear  explosion  GORBEA. 
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Figure  10.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency  for  10 
South  African  mine  tremors  and  10  NTS  and  10  Shagan  River  nuclear 
explosion  tests. 


nucisar  explosions  have  values  somewhat  greater  than  one  at  frequencies  from 
0.5  Hz  to  2  Hz  but  fall  off  to  below  one  at  frequencies  above  3  Hz.  At  the  lowest 
frequencies  there  is  no  difference  in  the  average  Lg/P  ratios  between  the  South 
African  tremors  and  the  NTS  nuclear  tests,  but  above  1  Hz  there  is  clear 
separation  between  the  average  values.  The  Lg/P  ratios  for  the  NTS  nuclear 
explosions  are  fairly  consistent  between  events,  and  as  a  result  the  scatter  and 
corresponding  sigma  values  are  fairly  low  over  most  of  the  frequency  band. 
The  scatter  about  the  mean  Lg/P  ratios  is  considerably  larger  for  the  South 
African  mine  tremors  at  all  frequencies  (cf.  Figure  7  above),  and  this  is  reflected 
in  larger  sigma  values.  Neverthelass,  at  frequencies  of  2  Hz  and  above  the  two 
populations  are  completely  separate  at  the  one-sigma  level.  Comparing 
Figures  7  and  10  we  see  that  the  Lg/P  ratios  for  all  the  South  African  mine 
tremors  lie  above  the  mean  NTS  explosion  Lg/P  ratios  for  frequencies  of  2  Hz 
and  above.  As  a  second  comparison,  we  also  show  in  Figure  10  the  average 
Lg/P  ratios  determined  from  the  same  bandpass  filter  analysis  applied  to  10 
nuclear  explosions  at  the  former  Soviet  test  site  at  Shagan  River  observed  at 
station  WMQ.  The  average  Lg/P  ratios  from  the  Shagan  River  explosions  fall 
well  below  the  mine  tremors  except  at  the  lowest  frequency.  The  Lg/P  ratios  for 
the  explosions  in  this  case  drop  off  much  more  rapidly  with  increasing 
frequency,  probably  due  to  propagation  differences  for  the  Lg  and  P  signals  at 
the  larger  range  of  the  Shagan  River  observations.  Research  is  continuing  on 
how  to  take  into  account  such  propagation  differences  in  assessing  observed 
differences  in  regional  signal  spectra  to  provide  an  adjustment  to  the  regional 
discriminant  measures. 
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3.  Polish  Rockbursts 


3.1  Background  on  Polish  Events 

The  rockbursts  in  Poland  occur  in  coal  and  copper  mines  concentrated  in 
two  broad  zones,  one  in  Lower  Silesia  centered  near  51.1  N  15.8  E  and  the 
other  in  Upper  Silesia  centered  near  51.0  N  19.0  E  (cf.  Gibowicz  and  Kijko, 
1994;  Bennett  et  al.,  1993).  The  Lower  Silesia  area  inoludes  rockbursts  from 
the  copper  mines  near  Lubin  and  coal  mines  throughout  the  area,  and  the 
Upper  Silesia  area  includes  induced  seismic  activity  associated  with  the 
subsurface  coal  mines  near  Bytom  as  well  as  with  a  surface  coal  mine  near 
Belchatow.  The  Lower  Silesia  mining  has  gone  on  for  many  decades,  while  the 
Upper  Silesia  mining  began  development  about  20  years  ago.  In  both  of  these 
areas,  frequent  induced  seismicity  associated  with  the  mining  has  been 
experienced;  thousands  of  events  are  recorded  each  year  by  local  networks 
with  about  a  dozen  events  exceeding  magnitude  3  Ml  (Gibowicz  and  Kijko, 
1994).  Rockbursts  with  magnitudes  greater  than  4  Ml  have  been  reported 
historically  from  each  of  the  Polish  mining  areas  with  magnitudes  occasionally 
reaching  as  high  as  4.6  Ml  at  Belchatow  and  4.5  Ml  at  Lubin  (cf.  Gibowicz, 
1984;  Bennett  et  al.,  1993).  The  depths  of  the  rockbursts  in  the  Polish  coal 
mines  is  closely  correlated  with  the  depth  of  excavation  (viz.  0.5  km  to  1  km); 
while  in  the  subsurface  copper  mine  rockbursts  occur  somewhat  above  the 
excavation  (Gibowicz  and  Kijko,  1994). 

Gibowicz  (1984)  reported  mechanisms  for  several  of  the  larger 
rockbursts  from  the  Polish  mining  regions  including  normal  dip-slip  for  events 
near  Lubin,  normal  dip-slip  as  well  as  oblique  reverse  motions  in  Bytom  events, 
and  reverse  dip-slip  motion  for  the  Belchatow  area.  The  dip-slip  motions  would 
be  consistent  with  concentration  of  stresses  on  fractures  or  planes  of  weakness 
near  the  edges  of  the  excavations.  The  reverse  motions  associated  with 
rockbursts  at  the  open-pit  mine  near  Belchatow  could  result  from  a  combination 
of  unloading,  due  to  removal  of  overburden,  and  changes  in  pore-pressure  due 
to  groundwater  withdrawal  in  the  vicinity  of  the  excavation.  It  is  believed  that 
this  mechanism  may  act  as  a  trigger  to  release  ambient  tectonic  stresses  left 
over  from  prior  orogenic  episodes  (cf.  Gibowicz  and  Kijko,  1994).  Although 
most  of  the  rockburst  events  in  Poland  seem  to  have  mechanisms  which  are 
adequately  represented  by  double-couple  sources  similar  to  earthquakes, 
Wiejacz  (1991)  reported  that  rockbursts  in  the  Lubin  region  occasionally  had 
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isotropic  components  representing  up  to  25  percent  of  the  mechanism.  Such 
mechanisms  could  be  a  source  of  some  differences  in  discriminant  measures 
between  rockbursts  and  earthquakes. 

In  the  prior  stage  of  this  research  program  (cf.  Bennett  et  al.,  1994),  we 
assembled  a  database  including  48  rockbursts  in  central  Europe,  including  45 
events  thought  to  be  rockbursts  because  of  their  locations  in  the  Lower  Silesia 
and  Upper  Silesia  mining  zones  in  Poland.  The  Polish  events  in  the  database 
had  magnitudes  from  2.81  mb  to  4.7  mb  and  occurred  during  the  time  period 
from  1980  to  1991.  In  our  regional  discrimination  analysis  of  those  events,  we 
focused  on  the  regional  signals  recorded  at  the  high-quality  GDSN  station  at 
Grafenburg,  Germany  (GRFO),  which  was  located  at  distances  between  about 
310  km  and  610  km  from  the  Polish  rockbursts.  Figure  11  shows  a  comparison 
of  the  time-domain  maximum  amplitude  measurements  for  the  Lg  and  regional 
P  phases  for  26  Polish  rockbursts  from  three  different  mining  areas.  On 
average  the  maximum  Lg  amplitudes  for  the  combined  sample  are  about  a 
factor  of  two  to  three  larger  than  the  maximum  P  amplitudes.  There  also  seems 
to  be  some  tendency  for  the  more  distant  Belchatow  (Upper  Silesia)  events  to 
have  larger  Lg/P  ratios.  Again  the  Lg/P  ratios  obtained  from  these  time-domain 
measurements  for  the  Polish  rockbursts  appear  to  be  considerably  larger  than 
those  found  by  Blandford  (1981)  for  nuclear  explosion  tests.  In  our  recent 
studies  we  have  conducted  additional  investigations  of  the  regional  signals 
from  Polish  rockbursts. 

3.2  Supplemental  Data  for  Polish  Rockbursts 

In  our  further  analyses  of  the  regional  signals  from  the  Polish  rockbursts, 
we  have  relied  primarily  on  the  signals  recorded  by  the  GERESS  array,  which  is 
designated  as  an  IDC  alpha  array  station.  Over  the  last  couple  of  years,  we 
have  attempted  to  collect  a  representative  sample  of  the  digital  waveforms 
recorded  at  GERESS  from  the  Polish  rockbursts  in  Lower  Silesia  and  Upper 
Silesia.  We  again  relied  on  IDC  and  NEIS  event  catalogs  to  select  events  and 
made  no  attempt  to  recover  a  complete  sample.  There  are  without  doubt 
smaller  rockbursts  from  these  mining  areas  which  are  not  included  in  the  event 
catalogs. 

We  show  in  Table  2  a  list  of  41  events  from  the  Polish  rockburst  zones. 
The  list  includes  21  events  from  Lower  Silesia  and  20  events  from  Upper 
Silesia.  The  magnitudes  for  the  rockbursts  are  between  2.60  Ml  and  4.05  Ml- 
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Figure  1 1 .  Comparison  of  the  maximum  P  versus  Lg  amplitudes  measured 
from  time-domain  records  at  German  array  station  GRFO  for  26 
mining-induced  rockbursts  in  three  different  source  areas. 
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Table  2.  Polish  Rockbursts  in  Supplemental  Database. 


Date 

Origin 

Time 

Lat  (N) 

Lon  (E) 

Mag 

R  (km) 
GEC2 

10/18/94 

10:12:29 

5 1 ,43 

15.75  . 1 

3.80 _ 

322 

10/19/94 

. iT:'l9;26 . 1 

.51.33 

15.72  1 

3  JO 

312 

11/13/94 

20:13:53 

||||n||Hi^ 

■gEEDMHl 

16.07 

3.80 

349 

11/20/94  I 

09:35:06 

16.26 

2.8.5 

349 

11/22/94  1 

05:19:46 

51.53 

16.09 

3.60 

345 

11/22/94 


12/05/94 


12/10/94 


12/11/94 


12/12/94 


12/27/94 


12/31/94 


01/05/95 


01/15/95 


01/17/95 


01/17/95 


01/21/95 


01/26/95 


02/12/95 


03/08/95 


07/01/95 


07/09/95 


07/21/95 


08/09/95 


08/12/95 


\mm 


08/24/95 


08/30/95 


09/07/95 


09/11/95 


01/08/96 


01/12/96 


01/16/96 


01/24/96 


02/08/96 


02/09/96 


IBBBBBBaE 


03/09/96 


12:29:10 


22:44:2 


13:34:12 


19:01:03 


12:10:20 


05:10:54 


08:16:09 


19:17:51 


22: 12:24 


!  50.74 


24 


The  rockburst  events  in  Table  2  come  from  several  different  mines  in  Lower 
Silesia  and  Upper  Silesia;  and  the  waveforms,  therefore,  cover  a  range  of 
distances  between  about  290  km  and  365  km  from  GERESS,  and  those  in 
Upper  Silesia  are  at  distances  between  about  360  km  and  450  km.  We  tried  in 
all  cases  to  use  in  our  analyses  the  waveform  records  obtained  at  the  GERESS 
array  element  GEC2,  which  seems  to  be  an  array  element  with  better  signal-to- 
noise  characteristics  than  some  of  the  other  GERESS  elements. 

Figure  12  shows  the  locations  of  the  events  in  the  database,  as  reported 
by  the  IDC,  relative  to  the  GERESS  array  station.  The  map  shows  the  two  event 
clusters;  one  in  Lower  Silesia  to  the  west  and  the  other  in  Upper  Silesia  to  the 
east.  The  Lower  Silesia  cluster  appears  tighter  but  seems  to  include  one  event 
group  north  of  Lubin,  probably  related  to  the  copper  mine,  and  another  group 
southwest  of  Lubin,  probably  associated  with  the  coal  mines.  The  Upper 
Silesia  cluster  appears  to  be  more  diffuse.  Most  of  the  rockburst  activity  in  the 
Upper  Silesia  area  appears  to  be  coming  from  the  coal  mines  near  Bytom. 
None  of  the  events  are  from  the  vicinity  of  the  surface  mine  near  Belchatow, 
which  lies  about  100  km  farther  north.  Two  of  the  mapped  events  (one  on  July 
21,  1995  and  one  on  February  2,  1996)  appear  to  be  located  close  to  the  border 
with  the  Czech  Republic.  These  events  were  rather  small  (magnitude  of  2.80 
Ml  and  3.19  Ml  respectively),  so  it  is  possible  that  the  locations  might  be 
inaccurate.  However,  after  reviewing  the  waveforms  at  GERESS  for  these  two 
events,  the  relative  timing  of  the  regional  phases  seems  to  indicate  that  they 
were  actually  somewhat  closer  to  the  recording  station  than  other  events  in  the 
zone.  The  events  are  most  likely  rockbursts  at  mines  somewhat  south  and  west 
of  Bytom. 

3.3  Analyses  of  Regional  Signals  from  the  Rockbursts 

We  applied  the  same  bandpass  filter  analysis,  as  described  in  Section 

2.3  above,  to  the  vertical-component  records  at  station  GEC2  for  the  Polish 
rockbursts  from  the  two  source  zones.  We  again  measured  the  maximum  Lg 
and  regional  P  peak-to-peak  amplitudes  from  the  filter  outputs  and  calculated 
Lg/P  ratios  as  a  function  of  the  center  frequency  of  the  filter  passband.  Figure 
13  shows  the  Lg/P  ratios  as  a  function  of  frequency  for  20  rockbursts,  including 
ten  from  the  Lower  Silesia  zone  (left-hand  column)  and  ten  from  the  Upper 
Silesia  zone  (right-hand  column).  Overall  the  Lg/P  ratios  for  the  Polish 
rockbursts  exhibit  very  similar  behavior  to  that  seen  in  Figure  7  above  for  the 
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Figure  12.  Map  showing  the  locations  of  41  Polish  events  from  rockburst  zones  in 
Lower  Silesia  (west)  and  Upper  Silesia  (east)  relative  to  station  Geress. 
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Figure  13.  Lg/P  ratios  as  a  function  of  frequency  determined  at  array  station  GERESS 
from  bandpass  filter  analyses  for  20  Polish  rockbursts. 
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South  African  mine  tremors.  The  ratios  again  show  considerable  scatter 
between  events  but  generally  lie  between  values  of  one  and  ten  over  the  range 
of  frequencies.  The  scatter  here  also  appears  to  be  somewhat  reduced  at 
higher  frequencies,  and  there  is  an  overall  trend  suggesting  a  slow  decrease  in 
the  Lg/P  ratios  with  increasing  frequency.  It  is  hard  to  discern  in  Figure  13,  but 
there  does  seem  to  be  a  tendency  for  the  Lg/P  ratios  to  show  a  more  rapid 
decline  with  frequency  for  the  events  from  the  Upper  Silesia  source  zone  than 
for  those  from  the  Lower  Silesia  zone.  This  is  more  apparent  in  Figure  14 
where  we  compare  average  Lg/P  ratios  as  a  function  of  frequency  for  the  two 
regions  separately  with  the  combined  average  ratios  for  both  areas.  The 
average  Lg/P  ratios  for  the  combined  areas  is  largest  at  a  frequency  of  1.25  Hz 
where  the  ratio  is  between  four  and  five.  This  combined  ratio  shows  a  slow 
decline  to  a  minimum  value  of  about  1.8  at  high  frequencies.  In  comparison,  the 
average  Lg/P  ratio  for  the  Upper  Silesia  rockbursts  has  a  maximum  value  near 
six  at  1.25  Hz  and  decreases  to  a  value  near  1.4  at  high  frequencies:  while  the 
average  Lg/P  ratio  for  the  Lower  Silesia  rockbursts  has  a  maximum  value  just 
above  three  at  1.25  Hz  and  has  minimum  values  near  two  at  high  frequencies. 
It  seem  likely  that  the  differences  in  the  dependence  of  the  average  Lg/P  ratios 
on  frequency,  as  seen  in  Figure  14,  is  related  to  propagation  differences,  but 
further  study  would  be  useful  to  resolve  this  issue.  It  is  particularly  interesting 
that  we  see  a  very  similar  dependence  here,  between  the  nearer  and  farther 
sources,  to  that  which  we  saw  above  in  Figure  8  for  the  South  African  mine 
tremors.  This  observation  would  seem  to  support  the  idea  that  a  frequency- 
dependent  adjustment  should  be  made  to  Lg/P  ratios  at  different  distances  to 

account  for  propagation  effects. 

As  was  the  case  for  South  Africa,  we  do  not  have  nuclear  explosion  tests 
in  central  Europe  to  provide  a  direct  empirical  comparison  of  regional  signal 
measurements  for  the  Polish  rockbursts.  We  have  again  fallen  back  on  the 
observations  from  the  NTS  nuclear  explosions  at  LLNL  stations,  which  are  at 
similar  ranges  (viz.  between  230  km  and  410  km)  to  the  Polish  rockbursts 
recorded  at  GERESS.  Figure  15  shows  the  comparison  between  the  average 
Lg/P  ratios  as  a  function  of  frequency  for  the  Polish  rockbursts  and  the  average 
ratios  for  the  NTS  nuclear  tests.  The  nuclear  test  average  is  the  same  as 
described  above  in  Section  2.3  and  was  determined  by  applying  the  same 
bandpass  filter  analysis  to  obtain  the  Lg/P  ratios  and  then  averaging  over  the 
ten  event  NTS  explosion  sample  and  all  four  stations.  Comparing  the  average 
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Figure  14.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency  measured  at 
station  GERESS  for  the  combined  event  sample,  10  events  in  Lower  Silesia  area,  and 
10  events  in  Upper  Silesia  area. 


Frequency,  Hz 


Figure  15.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency  for  20 
Polish  rockbursts  and  10  NTS  and  10  Shagan  River  nuclear  explosion 


Lg/P  ratios  for  the  Polish  rockbursts  and  NTS  nuclear  tests,  the  ratios  are  much 
smaller  for  the  nuclear  tests.  The  difference  in  this  case  appears  to  be  fairly 
constant  over  the  frequency  band  and  averages  about  a  factor  of  three  to  four. 
Although  the  observations  overlap  at  the  one-sigma  level  at  lower  frequencies, 
the  sigma  values  are  smaller  above  about  2  Hz;  and  there  seems  to  be 
significant  separation  between  the  different  source  types.  As  a  second 
comparison  we  show  also  in  Figure  15  the  average  Lg/P  ratios  for  ten  Shagan 
River  nuclear  tests  recorded  at  CDSN  station  WMQ.  In  this  case  the  average 
ratio  drops  off  much  more  rapidly  and  falls  much  further  below  the  average  Lg/P 
ratios  for  the  Polish  rockbursts  at  high  frequencies.  At  these  high  frequencies 
the  average  Lg/P  ratios  for  the  Polish  rockbursts  are  about  a  factor  of  ten  to 
twenty  larger  than  the  average  ratios  computed  for  the  Shagan  River  explosions 
at  WMQ.  To  some  extent  the  bigger  difference  here  is  likely  to  be  a  propagation 
effect  caused  by  the  larger  source-to-station  distances  for  the  nuclear  tests  at 
WMQ;  this  effect  requires  further  study. 
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4.  Mine  Bumps  in  Eastern  Kentucky  and  Western 
Virginia 

4.1  Background  on  Eastern  U.S.  Events 

Rockbursts  occur  in  mining  regions  throughout  much  of  North  America. 
In  the  underground  coal  mining  areas  of  the  eastern  U.S.,  such  rockbursts  are 
referred  to  as  mine  bumps.  Records  of  such  bumps  kept  by  the  former  U.S. 
Bureau  of  Mines  (cf.  iannacchione  and  Zelanko,  1995)  date  back  to  the  early 
part  of  this  century,  and  they  indicate  that  the  heaviest  concentrations  of  such 
induced  seismic  activity  have  been  in  the  states  of  West  Virginia,  Virginia,  and 
Kentucky.  Although  mine  bumps  are  not  as  frequent  in  the  eastern  U.S.  as  are 
the  rockbursts  in  Poland  or  the  mine  tremors  in  South  Africa,  they  do  seem  to 
present  recurring  problems  at  specific  mines.  Magnitudes  as  high  as  4.5  Ml 
have  been  reported  for  this  region,  and  magnitudes  greater  than  3  Ml  have 
been  reported  for  many  mines.  Because  of  a  lack  of  local  seismic  monitoring 
networks,  many  smaller  bumps  throughout  the  coal-mining  region  of  the 
Southern  Appalachian  Basin  probably  go  undetected.  Historically  most  eastern 
U.S.  mine  bumps  have  occurred  in  areas  where  the  overburden  was  thick  (400 
meters  to  more  than  600  meters).  In  addition  to  thick  overburden  or  mine  depth, 
Iannacchione  and  Zelanko  (1995)  correlate  eastern  U.S.  mine  bumps  with  a 
variety  of  factors  associated  with  high  ambient  stress  conditions.  These  factors 
include  proximity  of  geologic  structures,  including  faults  or  rigid,  overlying  or 
underlying  strata,  and  certain  mining  practices  which  may  act  to  concentrate 
stresses.  Lack  of  adequate  seismic  monitoring  in  the  vicinity  of  eastern  U.S. 
coal  mines  has  prevented  observations  which  could  establish  actual  source 
mechanisms  for  specific  mine  bumps  or  even  for  series  of  mine  bumps  from 
specific  mines.  In  a  previous  report  (cf.  Bennett  et  al.,  1993)  we  reviewed  the 
models  which  have  been  inferred  for  rockbursts  in  general  and  the  associated 
seismic  mechanisms.  Maleki  (1995)  describes  case  studies  for  a  coal  mine  in 
eastern  Kentucky  where  the  mine  bumps  included  both  pillar  failure  in  areas  of 
room-and-pillar  mining  and  more  extensive  ceiling  collapse  in  areas  of  longwall 
mining.  Complex  interaction  of  the  induced  stress  fields  associated  with  mining 
in  different  areas  of  the  mine  are  thought  to  be  responsible  for  high  stress 
concentrations  which  have  generated  the  larger  mine  bumps  in  this  area. 
Improved  seismic  monitoring  and  source  mechanism  studies  at  some  of  the 
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coal  mines  in  the  eastern  U.S.  with  recurring  bump  activity  would  be  extremely 
useful  in  improving  understanding  of  these  mine  bump  sources. 

4.2  The  Mine  Bump  Database  for  Eastern  Kentucky  and 
Western  Virginia 

Our  attention  to  rockbursts  in  the  eastern  U.S.  was  initially  spurred  by  a 
mine  bump  in  March  1995  in  eastern  Kentucky.  As  we  described  in  our 
preceding  report  (cf.  Bennett  et  al.,  1995),  this  event  had  a  magnitude  of  3.6  mb 
and  occurred  as  one  in  a  series  of  bumps  which  have  caused  problems  at  the 
Lynch  mine  near  Cumberland,  Kentucky  over  several  years.  That  event  was 
well  recorded  at  regional  stations  throughout  the  southeastern  U.S.  at  ranges 
from  230  km  to  640  km.  In  our  earlier  study  we  performed  a  bandpass  filter 
analysis  on  the  vertical-component  record  at  station  BLA  (R  =  237  km)  and 
found  that  Lg/P  ratios  were  generally  high  with  values  between  five  and  one 
over  the  frequency  range  of  the  filters. 

Over  the  past  several  months,  we  have  been  able  to  acquire  high-quality 
digital  data  for  additional  eastern  U.S.  mine  bumps  recorded  at  station  BLA, 
which  is  an  IDC  auxiliary  station.  Some  of  these  data  were  obtained  directly 
from  IDC,  but  the  majority  were  kindly  provided  by  Martin  Chapman  of  Virginia 
Tech  University  and  Carol  Finn  of  AFTAC.  The  database  includes  not  only  mine 
bumps  but  also  additional  source  types  including  earthquakes  and  surface 
mine  blasts  from  the  surrounding  region.  Table  3  shows  a  list  of  20  events 
which  have  been  identified  as  mine  bumps  in  the  eastern  Kentucky/western 
Virginia  region  over  the  last  two  years.  Nineteen  of  these  events  occurred  at  a 
single  mine,  the  Lynch  mine  in  eastern  Kentucky  referred  to  above.  One  event 
(June  29,  1996)  occurred  at  the  Buchanan  No.  1  mine  near  Oakwood,  Virginia, 
which  has  been  the  source  of  prior  large  mine  bumps  in  1988  and  1989.  The 
magnitudes  for  the  mine  bumps  shown  in  the  table  cover  a  range  from  about 
2.29  Ml  to  4.22  Ml-  For  the  more  recent  events,  we  used  the  magnitudes  and 
locations  reported  by  the  IDC;  but  for  some  of  the  events  not  reported  by  IDC  we 
used  the  known  location  of  the  Lynch  mine,  and  we  inferred  the  Ml  magnitudes 
by  comparing  relative  maximum  amplitudes  recorded  at  BLA  for  the  events  with 
a  similar  amplitude  measure  for  the  October  26,  1995  mine  bump  which  had  a 
magnitude  of  4.06  Ml  reported  by  IDC.  The  epicentral  distance  to  BLA  for  the 
Lynch  mine  events  is  roughly  the  same  (about  237  km)  for  all  events,  and  the 
Buchanan  mine  bump  is  only  about  140  km  from  BLA. 


Table  3.  Kentucky/Virginia  Mine  Bumps  in  Database. 
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Table  4.  Kentucky/TennesseeA/irginia  Earthquakes  in  Database. 
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Figure  16  shows  the  locations  of  the  mine  bumps  in  the  database  relative 
to  station  BLA.  The  variations  in  locations  about  the  Lynch  mine  are  mainly 
indicative  of  location  uncertainty.  The  mine  workings  extend  away  from  the 
mine  opening  over  a  considerable  area,  but  it  is  likely  that  most  bumps  are 
actually  occurring  within  2  km  of  the  nominal  mine  location  (Chapman,  1995). 
The  Buchanan  mine  bump  in  western  Virginia  is  located  at  very  nearly  the  same 
azimuth  as  the  Lynch  mine  bumps  but  about  100  km  closer  to  station  BLA. 

The  regional  earthquakes  in  the  database  are  shown  in  Table  4.  These 
events  surround  the  mine  bump  locations  and  include  events  in  eastern 
Kentucky  and  eastern  Tennessee.  The  epicentral  distances  from  the 
earthquakes  to  station  BLA  are  between  about  150  km  and  400  km.  The 
earthquakes  have  magnitudes  between  3.0  Ml  and  4.0  Ml,  in  about  the  same 
range  as  the  mine  bumps.  In  addition  to  the  earthquakes,  we  have  BLA  records 
for  nine  mine  blasts.  There  is  little  available  information  about  these  blast 
sources  except  that  they  were  apparently  located  in  eastern  Kentucky  and  were 
designated  as  mine  blasts  by  analysts  at  Virginia  Tech  University  (Finn,  1996a). 
Based  on  the  relative  timing  of  the  Lg  and  regional  P  signals  on  the  records  at 
station  BLA,  we  estimate  that  these  blasts  occurred  at  epicentral  distances 
between  about  200  km  and  300  km  from  station  BLA.  The  magnitudes  of  the 
blasts  were  inferred  from  the  relative  maximum  amplitudes  on  the  records  at 
station  BLA  compared  to  amplitudes  of  the  mine  bumps  with  known 
magnitudes.  From  this  we  estimate  that  the  blast  magnitudes  were  in  a  range 
from  about  3.05  Ml  to  3.65  Ml- 

4.3  Analyses  of  Regional  Signals  from  the  Mine  Bumps 

We  performed  the  same  bandpass-filter  analysis,  as  described  in  Section 

2.3  and  Section  3.3  above,  on  the  vertical-component  records  at  station  BLA  for 
the  mine  bumps  in  this  database  for  the  eastern  U.S.  The  Lg/P  ratios  as  a 
function  of  frequency  were  determined  from  the  filter  outputs.  Figure  17  shows 
the  Lg/P  ratios  as  a  function  of  frequency  for  12  mine  bumps,  including  11  from 
the  Lynch  and  the  one  from  the  Buchanan  mine.  In  general,  the  Lg/P  ratios  in 
Figure  17  show  considerably  less  scatter  than  we  saw  for  the  Polish  rockbursts 
and  for  the  South  African  mine  tremors.  One  reason  for  this  reduced  scatter 
could  be  the  nearly  constant  propagation  path  for  the  eastern  Kentucky  mine 
bumps.  However,  we  note  that  even  the  western  Virginia  mine  bump  (June  29, 
1996)  falls  within  the  relatively  small  scatter  seen  here  for  the  Lg/P  ratios  from 
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Figure  16.  Map  showing  the  locations  of  20  eastern  U.S.  noine  bumps  from  two  coal  mines  in 
eastern  Kentucky  and  western  Virginia  relative  to  station  BLA. 
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the  eastern  Kentucky  mine  bumps.  So,  whatever  the  reason,  the  Lg/P  ratios 
observed  at  BLA  for  the  eastern  Kentucky/western  Virginia  mine  bumps  show 
greater  consistency  between  events.  Further  study  would  be  useful  to  resolve 
whether  this  is  a  result  of  reduced  effects  from  the  propagation  path  or  greater 
similarities  between  mine  bump  mechanisms  from  these  mines.  Somewhat 
unlike  the  rockbursts  from  the  other  areas,  the  Lg/P  ratios  for  the  mine  bumps  in 
eastern  Kentucky/western  Virginia  appear  to  show  a  sharper  decline  with 
increasing  freguency.  This  is  apparent  in  Figure  17  where  the  ratios  appear  to 
have  maximum  values  in  the  1  Hz  to  2  Hz  range  and  then  decline  toward  higher 
frequencies.  In  Figure  18  we  compare  the  average  Lg/P  ratios  for  the  eastern 
Kentucky  mine  bumps  and  for  the  western  Virginia  bump.  The  ratios  are  seen 
to  be  very  similar,  with  the  biggest  differences  at  lower  frequencies,  near  1.25 
Hz.  The  average  Lg/P  ratios  have  their  maxima  at  1.25  Hz  and  2  Hz  where  they 
reach  values  of  about  four.  This  is  followed  by  a  rather  abrupt  decline  over  the 
bands  from  2  Hz  to  4.5  Hz  before  the  average  ratios  level  off  at  values  around 
one  at  higher  frequencies. 

We  have  again  used  the  Lg/P  ratios  from  NTS  nuclear  tests  recorded  at 
the  LLNL  stations  and  from  Shagan  River  nuclear  tests  recorded  at  station 
WMQ  as  comparisons  for  discrimination  analyses.  The  epicentral  distance 
range  for  the  NTS  nuclear  tests  at  LLNL  stations  is  again  fairly  similar  to  the 
distances  for  our  eastern  U.S.  mine  bump  observations,  even  though  the 
tectonic  conditions  and  seismic  propagation  environment  may  be  quite  different. 
Figure  19  shows  the  comparison  of  the  average  Lg/P  ratios  as  a  function  of 
frequency  for  the  mine  bumps  and  the  NTS  nuclear  tests.  The  biggest 
differences  between  the  different  source  types  appear  to  occur  at  frequencies 
between  about  1 .25  Hz  and  3  Hz.  In  this  band  the  differences  are  about  a  factor 
of  three  to  four.  Because  the  eastern  Kentucky/western  Virginia  mine  bumps 
Lg/P  ratios  fall  off  so  rapidly  toward  higher  frequencies,  the  differences  are 
much  smaller  there.  Thus,  differences  at  frequencies  above  4.5  Hz  are  less 
than  a  factor  of  two.  However,  as  we  noted  above,  the  scatter  about  the  mean 
for  the  mine  bump  observations  is  much  smaller  than  for  the  other  source  areas. 
Even  though  the  average  Lg/P  ratios  between  the  different  source  types  are  not 
so  well  separated  in  Figure  19,  as  a  result  of  smaller  sigma  values,  there  is  total 
separation  in  the  ratios  at  the  one-sigma  level  over  the  broad  band  of 
frequencies  from  0.5  Hz  to  4.5  Hz.  The  proximity  between  the  Lg/P  average 
ratios  for  the  mine  bumps  and  NTS  explosions  at  the  highest  frequencies  (viz.  6 
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Figure  19.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency  for  12 
eastern  U.S.  mine  bumps  and  10  NTS  and  10  Shagan  River  nuclear 
explosion  tests. 
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Hz  and  9  Hz)  causes  the  observations  to  overlap  at  the  one-sigma  level.  In 
Figure  19  we  also  see  that  the  differences  in  the  average  Lg/P  ratios  are  still 
quite  large  between  the  mine  bumps  and  the  Shagan  River  nuclear  tests;  the 
differences  are  about  a  factor  of  ten  at  frequencies  above  1 .25  Hz.  We  note 
again  that  additional  work  is  needed  to  assess  how  the  larger  observation 
distances  at  Shagan  River  and  propagation  path  differences  affect  the  Lg/P 
ratios  there.  For  the  eastern  Kentucky/western  Virginia  region,  we  again  see 
differences  in  the  Lg/P  ratios  between  mine  bumps  and  underground  nuclear 
test  experience;  but  there  is  some  indication  that  the  frequency  bands  most 
useful  for  discrimination  may  be  different  there. 

We  also  performed  bandpass  filter  analyses  on  the  mine  blast  and 
earthquake  records  at  BLA  for  the  event  sample  described  in  Section  4.2. 
Figure  20  shows  the  Lg/P  ratios  as  a  function  of  frequency  for  the  nine  mine 
blasts.  The  scatter  in  the  ratios  here  is  much  larger  than  those  which  we  found 
for  the  mine  bumps  in  Figure  17,  although  the  overall  trend  with  frequency 
seems  to  be  similar.  The  Lg/P  ratios  for  the  mine  blasts  again  seem  to  have 
maxima  at  frequencies  from  1.25  Hz  to  2  Hz  and  then  rapidly  decline  before 
leveling  off  at  frequencies  from  4.5  Hz  to  9  Hz.  Similar  Lg/P  ratios  for  the 
regional  earthquakes  from  Table  4  are  shown  in  Figure  21.  These  earthquake 
ratios  show  large  scatter,  but  the  overall  trend  indicates  a  slow  decline  in  the 
earthquake  Lg/P  ratios  with  increasing  frequency. 

Figure  22  shows  a  comparison  of  the  average  Lg/P  ratios  as  a  function  of 
frequency  observed  at  station  BLA  for  the  different  source  types  in  the  eastern 
Kentucky/eastern  Tennessee/western  Virginia  region  and  similar  Lg/P  ratios  for 
nuclear  tests  at  NTS  and  Shagan  River.  First,  looking  at  the  different  types  of 
events  from  this  source  region,  at  low  frequencies  the  average  Lg/P  ratios  are 
largest  for  the  earthquakes  and  mine  blasts;  and  at  high  frequencies  the 
average  Lg/P  ratios  are  largest  for  the  earthquakes.  The  average  Lg/P  ratios  for 
the  mine  bumps  and  mine  blasts  seem  to  exhibit  a  very  similar  behavior  with 
frequency,  showing  maximum  values  at  frequencies  from  1.25  Hz  to  2  Hz,  rapid 
decline  between  2  Hz  and  4.5  Hz,  and  leveling  off  from  4.5  Hz  to  9  Hz.  These 
results  appear  to  agree  with  the  assessment  of  Finn  and  Wood  (1996b)  who 
find,  for  much  the  same  event  sample,  that  Lg/P  ratio  slopes  and  high-frequency 
Lg/P  ratios  can  be  used  to  distinguish  between  mine  bumps  and  earthquakes 
but  not  between  mine  bumps  and  mine  blasts.  They  argue  that  additional 
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Figure  20.  Lg/P  ratios  as  a  function  of  frequency  determined  at  station  BLA  for  nine 
mine  blasts  in  the  eastern  Kentucky  area. 
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Figure  21.  Lg/P  ratios  as  a  function  of  frequency  measured  at  station  BLA  for 
five  earthquakes  in  the  eastern  Kentucky/eastern  Tennessee  area. 
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Figure  22.  Comparison  of  average  Lg/P  ratios  as  a  function  of  frequency  measured  at 
station  BLA  for  regional  mine  bumps,  mine  blasts,  and  earthquakes  with  similar 
average  ratios  measured  at  regional  stations  from  NTS  and  Shagan  River  nuclear 
explosion  tests. 


discriminant  measures  including  analysis  of  Rg  could  be  helpful  for 
discriminating  mine  bumps  and  mine  blasts. 

The  implications  of  Figure  22  for  discrimination  of  mine  bumps,  like  those 
in  the  eastern  U.S.,  from  underground  nuclear  explosions  are  not  clear.  The 
Lg/P  ratios  measured  for  the  nuclear  tests  are  significantly  different  from  those 
for  the  mine  bumps,  with  maximum  differences  over  the  frequency  range  from 
about  1 .25  Hz  to  3  Hz.  However,  the  Lg/P  ratios  as  a  function  of  frequency  are 
remarkably  dissimilar  for  the  mine  blasts  and  the  nuclear  explosions. 
Considering  such  differences  it's  hard  to  argue  that  the  mine  blasts  provide  any 
kind  of  calibration  for  potential  nuclear  tests  in  the  same  region.  On  the  other 
hand,  we  know  there  are  regional  phase  propagation  differences  between  the 
western  U.S.  and  eastern  U.S.  Such  differences  could  affect  Lg  and  regional  P 
propagation  and  hence  the  Lg/P  ratios  as  a  function  of  frequency.  Additional 
investigations  are  needed  to  resolve  the  effects  of  propagation  on  regional 
phase  spectra  and  Lg/P  ratios;  we  are  currently  involved  in  separate  research  to 
determine  such  effects  for  various  regions  of  interest. 
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5.  Issues  for  Rockburst  Mechanisms  and 
Discrimination 

5.1  Rockburst  Mechanisms 

In  previous  reports  (of.  Bennett  et  al.,  1993,  1995)  we  described  the 
various  mechanisms  associated  with  rockbursts.  The  mechanisms  of  some 
rockbursts  are  associated  with  fault  slip,  while  others  seem  to  be  more 
accurately  represented  as  collapses.  Figure  23  shows  six  distinct  models  of 
rockburst  source  mechanisms  identified  by  Hasegawa  et  al.  (1989).  The  six 
models  include  (1)  cavity  collapse,  (2)  pillar  burst,  (3)  tensile  failure  in  the  cap 
rock,  (4)  normal  faulting  above  the  advancing  stope,  (5)  thrust  faulting  on 
fractures  above  or  below  the  excavation,  and  (6)  near-horizontal  thrusting 
between  rock  layers  in  the  shallow  region  above  the  mine  roof. 

Several  of  these  models  are  essentially  the  same  as  earthquakes  (viz. 
models  four  through  six),  and  the  mechanisms  should  be  similar  to  the  double¬ 
couple  normally  seen  in  earthquakes.  We  would  expect  these  events  to 
produce  a  quadrantal  pattern  of  first  motions,  as  shown  on  the  right  in  Figure  23, 
similar  to  those  associated  with  earthquakes.  In  general,  these  types  of 
rockbursts  could  be  expected  to  produce  discriminant  measures  which  are 
indistinguishable  from  earthquakes.  However,  there  could  still  be  some  areas 
of  difference  between  such  fault-rupture  rockbursts  and  earthquakes.  First,  the 
source  depths  are  generally  quite  different.  Nearly  all  rockbursts  occur  within 
close  proximity  to  the  excavation  level  which  is  within  a  few  kilometers  of  the 
earth's  surface,  while  most  earthquakes  have  focal  depths  well  into  the  earth's 
crust  and  usually  deeper  than  five  kilometers.  Such  focal  depth  differences  can 
strongly  influence  the  radiated  seismic  signals  and,  in  particular,  the  relative 
amplitudes  of  regional  phase  signals.  Second,  earthquakes  and  rockbursts  in 
the  same  area  may  have  different  mechanisms.  The  earthquake  mechanism 
represents  the  response  of  a  pre-existing  rupture  surface  to  the  ambient  tectonic 
stress  field:  while  the  rupture  surface  associated  with  rockbursts  have 
orientations  tied  closely  to  mining  practice,  and  the  stress  field  near  the  rupture 
is  often  strongly  modified  in  both  intensity  and  orientation  by  the  local  mine 
conditions.  Given  these  kinds  of  differences,  it  would  not  be  surprising  to  find 
systematic  differences  in  the  seismic  signals  between  rockbursts  and 
earthquakes. 
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Figure  23.  Simplified  models  of  six  rockburst  mechanisms  and  corresponding 
radiation  patterns  (adapted  from  Hasegawa  et  al.,  1989). 
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The  first  three  rockburst  models  described  above  are  even  more  clearly 
different  from  earthquakes.  The  mechanisms  are  not  double-couple;  and  the 
radiated  seismic  field,  as  shown  to  the  right  in  Figure  23,  would  be  expected  to 
be  dipolar.  As  we  noted  previously  (cf.  Bennett  et  al.,  1993),  only  rare  examples 
of  non-double-couple  rockburst  sources  have  been  identified  in  the  literature 
(cf.  Sileny,  1989;  Wong  et  al.,  1989;  Gibowicz  and  Kijko,  1994).  Most  large 
rockbursts  from  areas  which  have  been  studied  most  closely  (viz.  South  Africa 
and  Poland)  have  had  seismic  mechanisms  dominated  by  double-couple 
associated  with  shear  failure  in  the  vicinity  of  the  excavation.  However,  some 
recent  mining-induced  events  in  less  regular  rockburst  regions  appear  to  have 
had  strong  collapse  mechanisms.  These  would  include  the  1989 
Volkershausen,  Germany  event  (cf.  Ahorner,  1989),  the  1995  Wyoming  event 
(cf.  Pechmann  et  al.,  1995),  and  the  1995  Ural  mountains  event  (cf.  Bennett  et 
al.,  1995).  While  it  seems  unlikely  that  the  seismic  mechanisms  in  these  events 
are  as  simple  as  models  one  or  two  in  Figure  23,  representations  of  these 
sources  must  include  a  strong  non-double-couple  component.  In  our  previous 
report  we  reviewed  moment  tensor  representations  of  mine-collapse  sources. 
We  showed  there  using  a  non-linear  discrete-element  computer  code  that  the 
stress  field  introduced  by  a  large  room  collapse  may  be  represented  by  a 
closing  tension  crack.  Moment  tensor  representations  of  the  closing  tension 
crack  model  were  found  to  be  inefficient  in  excitation  of  fundamental-mode 
Rayleigh  waves,  which  could  explain  relatively  small  Ms  values  seen  for  some 

rockbursts. 

No  single  mechanism  seems  to  fit  all  rockbursts.  Our  studies  suggest 
that  rockbursts  can  be  represented  by  a  moment  tensor  including  a  closing 
tension  crack  plus  some  tectonic  release  component.  Results  of  rockburst 
studies  suggest  that  we  should  expect  there  to  be  a  spectrum  of  events  ranging 
from  little  or  no  tectonic  component  to  those  dominated  by  the  tectonic 
component.  The  degree  to  which  such  events  look  earthquake-like  or 
explosion-like  will  depend  upon  the  ratio  of  the  tectonic  release  moment  to  the 
tension-crack  moment  and  the  time  functions  for  the  two  mechanisms. 

5.2  The  Ms-versus-mb  Discriminant 

Ms-versus-mb  is  a  traditional  teleseismic  discriminant  which  has  long 
been  recognized  as  one  of  the  most  reliable  methods  for  distinguishing 
earthquakes  from  underground  nuclear  explosions.  Since  many  rockbursts 
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have  fault-slip  mechanisms,  it  might  be  reasonable  to  assume  that  the  Ms- 
versus-mb  discriminant  could  also  work  to  help  identify  them.  Unfortunately, 
there  isn't  much  empirical  data  available  to  test  this  hypothesis.  Most  rockbursts 
are  not  large  enough  to  produce  the  observable  long-period  Rayleigh-wave 
signals  at  teleseismic  distances  which  are  needed  to  determine  MS-  In  an 
earlier  phase  of  this  research  project  (cf.  Bennett  et  al.,  1995),  we  identified 
several  large  rockbursts  in  South  Africa,  central  Europe,  and  the  western  U.S. 
which  did  produce  measurable  surface-wave  magnitudes  at  teleseismic 
stations.  We  found  teleseismic  Ms  measurements  for  12  rockbursts,  most  of 
which  were  in  South  Africa.  Figure  24  shows  the  Ms-versus-mb  observations 
for  the  large  rockbursts.  On  average  the  rockburst  Ms  values  fall  between  0.5 
and  1.0  magnitude  units  below  the  corresponding  mb  observations:  all  but  one 
event  falls  below  the  equivalence  line  for  Ms  and  mb-  Many  of  the  rockburst 
events  appear  to  have  Ms  values  which  are  more  explosion-like,  as  can  be 
seen  by  comparing  the  Ms-versus-mb  values  to  the  line  separating  the 
earthquake  and  explosion  populations  recommended  by  Sykes  et  al.  (1983). 
Several  of  the  mine  collapse  events  discussed  in  the  preceding  section  have 
Ms-versus-mb  values  which  fall  close  to  this  decision  line.  It  is  interesting  to 
note  that  many  of  the  South  African  events  also  seem  to  have  low  Ms  values 
relative  to  mb,  and  these  events  are  thought  to  have  mechanisms  more  closely 
tied  to  fault  rupture  with  little  contribution  from  collapse.  The  relatively  low  Ms 
values  for  South  African  rockbursts  seem  to  be  corroborated  by  far-regional 
measurements  of  long-period  Rayleigh-wave  signals  (cf.  Bennett  et  al.,  1994, 
1995)  for  the  events  occurring  there.  Additional  theoretical  studies  are  needed 
on  rockburst  mechanisms  from  this  area  to  identify  factors  other  than  collapse 
which  could  be  responsible  for  the  anomalous  surface  wave  generation  from 
these  types  of  sources. 

5.3  Regional  Discrimination  of  Rockbursts 

Throughout  much  of  this  research  program,  we  have  focused  on  regional 
signal  measurements  from  smaller  rockbursts  with  magnitudes  of  about  3  mb- 
The  majority  of  rockbursts  worldwide  fall  in  this  magnitude  range  or  smaller,  and 
it  is  the  abundance  of  events  near  this  magnitude  level  which  is  likely  to  cause 
significant  problems  for  CTBT  monitoring.  As  described  in  previous  sections  of 
this  report,  rockbursts  from  many  different  source  regions  seem  to  show 
consistently  large  Lg/P  ratios.  Figure  25  shows  the  average  Lg/P  ratios  as  a 
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Figure  24.  Comparisons  of  MS  versus  mb  for  large  rockbursts  in  four  source  regions 
with  similar  observations  for  earthquakes  in  the  same  regions. 
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Figure  25.  Comparison  of  average  Lg/P  ratios  for  rockbursts  from  three  different 
source  areas  with  average  Lg/P  ratios  for  nuclear  explosion  tests  at  NTS  and 
Shagan  River. 


function  of  frequency  for  rockbursts  in  three  quite  different  source  areas.  The 
Lg/P  ratios  from  all  three  regions  have  values  falling  in  the  range  from  one  to 
ten  over  a  broad  range  of  frequencies  from  0.55  Hz  to  9  Hz.  The  average  ratios 
show  similar  frequency  dependence  for  the  three  areas  with  consistent 
maximum  values  of  four  to  five  near  1 .25  Hz  declining  to  minimum  values  of  one 
to  three  near  6  Hz  and  9  Hz.  We  found  the  decline  with  frequency  to  be  more 
rapid  for  eastern  U.S.  mine  bumps  than  for  the  rockbursts  in  the  other  source 
areas.  In  comparison,  average  Lg/P  ratios  measured  at  regional  stations  for 
underground  nuclear  explosions  at  NTS  and  Shagan  River  have  rather  large 
values  at  low  frequencies  (maximum  values  of  two  to  three  at  0.55  Hz)  but  fall 
off  more  rapidly  at  higher  frequencies  to  minimum  values  of  about  0.7  for  NTS 
explosions  and  about  0.1-0.2  for  Shagan  River  explosions.  In  general  the 
biggest  overall  differences  in  Lg/P  ratios  for  the  rockbursts  and  nuclear 
explosions  seem  to  be  at  a  frequency  of  about  3  Hz.  The  differences  there 
amount  to  about  a  factor  of  nine  on  average,  with  somewhat  lower  factors  for 
comparisons  between  rockbursts  and  NTS  explosions  than  for  comparisons 
between  rockbursts  and  Shagan  River  explosions. 

These  observations  of  a  possible  discriminant  based  on  the  Lg/P  ratios 
for  rockbursts  suggest  that  we  should  probably  take  a  closer  look  at  other 
regional  phases  for  use  in  identification  of  these  events.  In  particular, 
characteristics  of  Lg  and  regional  P  phases  considered  separately  may  offer 
additional  insight  into  rockburst  discrimination  and  transportability  of 
discriminant  measures  into  new  areas.  Our  observations  also  indicate  that  Rg 
phases  frequently  represent  strong  regional  signals  from  rockburst  sources  in 
many  areas.  Comparison  of  the  Rg  signal  characteristics  for  these  rockbursts 
with  similar  signals  which  are  often  observed  for  shallow  explosion  sources 
could  also  lead  to  identification  of  diagnostic  differences. 
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6.  Summary  and  Conclusions 


6.1  Review  of  Procedures  and  Main  Findings 

Rockbursts  present  some  unique  problems  for  seismic  discrimination 
which  have  become  more  important  because  of  the  necessity  for  seismic 
monitoring  at  the  low  levels  of  interest  under  a  CTBT.  Under  this  research 
program  we  have  sought  to  identify  the  characteristics  of  seismic  signals  from 
rockbursts  and  the  physical  properties  and  phenomenology  observed  in  the 
vicinity  of  the  mines  for  such  events  from  a  variety  of  source  areas  around  the 
world.  It  is  believed  that  this  information  can  be  used  to  investigate  and  refine 
the  mechanisms  for  the  rockburst  sources  and  will  aid  in  understanding  the 
controllability  of  such  events  by  adjusting  mining  practice.  These  issues  are  an 
important  key  to  the  identification  of  unknown  events  in  mining  areas  for  reliable 
discrimination  and  for  determining  the  feasibility  of  nuclear  test  evasion 
scenarios  which  might  use  the  deliberate  triggering  of  a  rockburst  to  conceal  a 
clandestine  explosion. 

In  the  earlier  phases  of  this  research  program,  we  reviewed  the 
occurrence  of  rockburst  activity  in  a  variety  of  regions  worldwide  and  described 
some  general  features  of  the  source  mechanisms.  We  also  collected  and 
analyzed  regional  and  teleseism ic  waveform  data  from  selected  source  regions 
using  primarily  data  from  some  of  the  more  traditional  sources.  We  also 
performed  some  simulations  of  the  rockburst  source  using  a  discrete  element 
computer  code,  which  demonstrated  that  the  rockburst  source  for  several  recent 
large  events  might  be  well  represented  as  a  closing  tension  crack.  In  the  recent 
stages  of  this  research,  we  have  focused  on  analyses  of  regional  signals  from 
several  of  the  modern  digital  seismic  stations  which  are  being  used  by  the  IDC. 
We  have  used  these  data  to  look  at  several  large,  catastrophic  events  which 
occurred  in  unusual  areas  and  also  to  investigate  more  routine  events  from 
several  mining  areas. 

In  the  most  recent  phase  of  our  research,  which  is  the  main  topic  of  this 
report,  we  have  conducted  more  systematic  discrimination  analyses  on  events 
in  three  of  the  most  active  rockburst  areas  in  the  world:  the  South  African  gold¬ 
mining  area,  the  Polish  coal-mining  and  copper-mining  areas,  and  the  eastern 
U.S.  coal  mining  area.  For  each  of  these  source  areas,  we  collected  digital 
waveform  data  from  the  key  regional  stations  used  by  IDC  for  relatively  large 
samples  of  events  which  occurred  during  the  last  two  years.  We  performed 


spGCtral  analysGS  on  thG  rGgional  signals  and  attGmptGd  to  idontify 
charactGristic  spGCtral  bGhavior  in  thG  rGgional  signals  which  would  distinguish 
thG  rockbursts  from  underground  nuclear  explosion  tests. 

Our  findings  show  that  Lg/P  ratios  as  a  function  of  frequency  for  the 
rockbursts  in  all  three  source  areas  are  generally  larger  than  similar  ratios  for 
underground  nuclear  explosion  tests.  Average  Lg/P  ratios  for  rockbursts  in 
different  source  areas  are  consistently  greater  than  one  over  a  range  of 
frequencies  and  show  similar  frequency  dependence,  with  maximum  values  at 
low  frequencies  and  declining  toward  high  frequencies;  but  the  rate  of  decline 
seems  to  vary  somewhat  between  regions.  The  Lg/P  ratios  are  on  average  a 
factor  of  three  to  ten  lower  for  nuclear  explosions  at  regional  stations;  but  it  is 
recognized  that  in  these  comparisons  no  account  has  been  taken  of  possible 
propagation  differences.  Lg/P  ratios  show  considerable  scatter  for  rockbursts  in 
the  same  general  source  region,  but  the  scatter  is  reduced  for  events  from  a 
common  mine.  There  is  a  tendency  for  Lg/P  ratios  from  events  at  nearer 
distances  to  show  less  variation  with  frequency,  while  at  larger  distances  the 
ratios  seem  to  decline  more  rapidly  as  frequency  increases.  In  the  eastern  U.S. 
where  the  database  includes  rockbursts,  mine  blasts,  and  earthquakes,  the 
average  Lg/P  ratios  as  a  function  of  frequency  tend  to  look  more  alike  for  the 
rockbursts  and  mine  blasts  than  for  the  earthquakes.  The  eastern  U.S. 
earthquakes  seem  to  maintain  larger  Lg/P  ratios  at  higher  frequencies  than 
either  the  mine  bumps  or  the  mine  blasts  in  that  area. 

6.2  Recommendations  for  Future  Research 

Although  we  seem  to  have  a  promising  discriminant  in  Lg/P  ratios  as  a 
function  of  frequency,  the  rockburst  identification  problem  is  not  completely 
solved.  Additional  work  is  needed  to  demonstrate  that  the  observed  differences 
in  Lg/P  ratios  between  rockbursts  and  nuclear  explosions  are  source  related 
and  can  be  extrapolated  into  uncalibrated  regions.  Theoretical  research  on  the 
sensitivities  of  regional  measurements  of  Lg/P  ratios  to  source  mechanism  and 
attenuation  as  well  as  additional  empirical  observations  of  the  behavior  of  Lg/P 
ratios  in  different  distance  ranges  would  be  useful  to  further  establish  the 
reliability  of  this  discriminant.  Much  of  our  observational  evidence  for  the  Lg/P 
ratio  discriminant  between  rockbursts  and  nuclear  tests  comes  from  near- 
regional  observations.  Additional  research  is  needed  to  identify  distance 
ranges  at  which  we  can  expect  to  achieve  effective  discrimination  for  different 
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regional  monitoring  environments.  We  have  found  empirical  evidence  that  the 
MS-vs-mb  discriminant  seems  to  break  down  for  some  rockbursts,  and  we  have 
identified  some  theoretical  models  of  the  rockburst  source  which  could  be  the 
cause  of  this  problem.  It  would  be  useful  to  define  more  precisely  the  rockburst 
mechanisms  which  produce  anomalous  Ms,  the  mining  conditions  which  lead 
to  such  mechanisms,  and  where  such  mining  conditions  are  likely  to  be  found  in 
monitoring  regions  of  interest.  In  this  work  we  have  focused  much  of  our 
investigation  on  Lg/P  ratios  as  discriminants.  Discriminants  based  on  analyses 
of  other  regional  phases  including  Rg,  regional  S,  or  Lg  and  regional  P 
considered  separately  may  also  have  something  to  offer  for  regional 
discrimination  of  rockbursts.  Additional  survey  work  of  mining  practices  could 
also  be  useful  in  countries  where  nuclear  proliferation  is  an  issue  to  identify 
whether  there  is  a  potential  for  rockburst  events  which  could  lead  to  false 
alarms.  Finally,  we  have  not  accomplished  much  in  this  research  to  resolve  the 
possible  evasion  scenario  involving  deliberate  triggering  of  a  rockburst  to 
conceal  a  simultaneous,  nearby  nuclear  explosion  test.  Additional  field  studies 
of  rockbursts  and  the  effect  of  destressing  procedures  to  control  rockbursts  in 
specific  mines  could  help  to  assess  the  feasibility  of  such  evasion  techniques. 

Acknowledgments 

This  work  has  benefited  from  discussions  with  and  information  provided  by 
Martin  Chapman  of  Virginia  Polytechnic  &  St.  Univ.  and  Carol  Finn  of  AFTAC. 
We  would  like  to  thank  Carol  Finn  and  Martin  Chapman  for  providing  much  of 
the  data  for  the  eastern  U.S.  database  and  Ron  Cook  of  the  Center  for 
Monitoring  Research  for  calling  our  attention  to  several  recent  events  in  that 
area. 


55 


7.  References 


Ahorner,  L.  (1993).  "Seismologische  Untersuchung  des  Gebirgsschlages  am 
13.  Marz  1989  im  Kalisalzbergbau  bei  Volkershausen,  DDR,"  Gluckauf- 
Forshungshefte,  50,  pp.  224-230. 

Bennett,  T.  J.,  J.  F.  Scheimer,  A.  K.  Campanella,  and  J.  R.  Murphy  (1993). 
"Seismic  Discrimination  of  Rockbursts  for  Use  in  Discrimination,"  PL-TR- 
93-2059,  ADA266063. 

Bennett,  T.  J.,  M.  E.  Marshall,  B.  W.  Barker,  and  J.  R.  Murphy  (1994). 

"Characteristics  of  Rockbursts  for  Use  in  Seismic  Discrimination,"  PL-TR-94- 
2269,  ADA290881 . 

Bennett,  T.  J.,  B.  W.  Barker,  M.  E.  Marshall,  and  J.  R.  Murphy  (1995).  "Detection 
and  Identification  of  Small  Regional  Seismic  Events,"  PL-TR-95-2125, 
ADA305536. 

Bennett,  T.  J.,  K.  L.  McLaughlin,  M.  E.  Marshall,  B.  W.  Barker,  and  J.  R.  Murphy 
(1995).  "Investigations  of  the  Seismic  Characteristics  of  Rockbursts,"  PL-TR- 
95-2169,  ADA304549. 

Blandford,  R.  (1981).  "Seismic  Discrimination  Problems  at  Regional  Distances," 
in  Identification  of  Seismic  Source  -Earthquake  or  Underground  Explosion, 

D.  Reidel  Publishing  Co.,  pp.  695-740. 

Chapman,  M.  C.  (1995).  Personal  Communication. 

Finn,  C.  A.  (1996a).  Personal  Communication. 

Finn,  C.  A.,  and  M.  T.  Woods  (1996b).  "Mine  Collapse  Identification  Using  P-Lg 
Ratios  and  Rg  Phase  Waveform  Modeling,"  Seismological  Research  Letters, 
67,  p.  38. 

Gay,  N.  C.  (1975).  "In  Situ  Stress  Measurements  in  Southern  Africa," 
Tectonophysics,  24,  pp.  447-459. 

Gay,  N.  C.  (1977).  "Principal  Horizontal  Stresses  in  Southern  Africa,"  Pageoph, 
115,  pp.  3-10. 


Gibowicz,  S.  J.  (1984).  "The  Mechanism  of  Large  Mining  Tremors  in  Poland,"  in 
Proc.  1st  Int.  Congress  on  Rockbursts  and  Seismicity  in  Mines,  SAIMM, 
Johannesburg,  pp.  17-28. 

Gibowicz,  S.  J.  (1990).  "The  Mechanism  of  Seismic  Events  Induced  by  Mining," 
in  Rockbursts  and  Seismicity  in  Mines,  C.  Fairhurst,  editor,  A.  A.  Balkema, 
Rotterdam,  pp.  3-27. 


56 


Gibowicz,  S.  J.,  and  A.  Kijko  (1994).  An  Introduction  to  Mining  Seismology, 
Academic  Press,  San  Diego. 

Hasegawa,  H.  S.,  R.  J.  Wetmiller,  and  D.  J.  Gendzwill  (1989).  "Induced 

Seismicity  in  Mines  in  Canada  -  An  Overview,"  Pageoph,  129,  pp.  423-453. 

lannacchione,  A.  T.,  and  J.  C.  Zelanko  (1995).  "Occurrence  and  Remediation  of 
Coal  Mine  Bumps:  A  Historical  Review,"  in  Proc.  Seminars  on  Mechanics 
and  Mitigation  of  Violent  Failure  in  Coal  and  Hard-Rock  Mines,  edited  by  H. 
Maleki,  USBM  Special  Publication  01-95,  pp.  27-67. 

Maleki,  H.  (1995).  "An  Analysis  of  Violent  Failure  in  U.S.  Coal  Mines  -  Case 
Studies,"  in  Proc.  Seminars  on  Mechanics  and  Mitigation  of  Violent  Failure 
in  Coal  and  Hard-Rock  Mines,  edited  by  H.  Maleki,  USBM  Special 
Publication  01-95,  pp.  5-25. 

McGarr,  A.  (1971).  "Violent  Deformation  of  Rock  Near  Deep-Level,  Tabular 
Excavations  -  Seismic  Events,"  Bull.  Seism.  Soc.  Am.,  61,  pp.  1453-1466. 

McGarr,  A.,  S.  M.  Spottiswoode,  N.  C  Gay,  and  W.  D.  Ortlepp  (1979). 
"Observations  Relevant  to  Seismic  Driving  Stress,  Stress  Drop,  and 
Efficiency,"  J.  Geophys.  Res.  84,  pp.  2251-2261. 

Pechmann,  J.  C.,  W.  R.  Walter,  S.  J.  Nava,  and  W.  J.  Arabasz  (1995).  "The 
February  3,  1995,  Ml  5.1  Seismic  Event  in  the  Trona  Mining  District  of 
Southwestern  Wyoming,"  Seism.  Res.  Lett.,  66,  pp.25-34. 

Sileny,  J.  (1989).  "The  Mechanism  of  Small  Mining  Tremors  from  Amplitude 
Inversion,"  Pageoph,  129,  pp.  309-324. 

Wiejacz,  P.  (1991).  "Investigation  of  Focal  Mechanisms  of  Mine  Tremors  by  the 
Moment  Tensor  Inversion,"  Ph.D.  Thesis,  Inst.  Geophys.,  Pol.  Acad.  Sci., 
Warsaw,  Poland. 

Wong,  1.  G.,  J.  R.  Humphrey,  J.  A.  Adams,  and  W.  J.  Silva  (1989).  "Observations 
of  Mine  Seismicity  in  the  Eastern  Wasatch  Plateau,  Utah,  U.S. A.:  A  Possible 
Case  of  Implosional  Failure,"  Pageoph,  129,  pp.  369-405. 


57 


THOMAS  AHRENS 

SEISMOLOGICAL  LABORATORY  252-21 
CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 
PASADENA,  CA  9 1125 


,SHELTON  ALEXANDER 
PENNSYLVANIA  STATE  UNIVERSITY 
DEPARTMENT  OF  GEOSCIENCES 
.537  DEIKE  BUILDING 
UNIVERSITY  PARK,  PA  16801 

RICHARD  BARDZELL 

ACIS 

DCEACIS 

WASHINGTON,  DC  20505 


DOUGLAS  BAUMGARDT 
ENSCO  INC. 

5400  PORT  ROYAL  ROAD 
SPRINGFIELD,  V  A  22151 


WILLIAM  BENSON 

NAS/COS 

ROOM  HA372 

2001  WISCONSIN  AVE.  NW 

WASHINGTON,  DC  20007 

ROBERT  BLANDFORD 
AFTAC 

1300  N.  17TH  STREET 
SUITE  1450 

ARLINGTON,  VA  22209-2308 

RHETT  BUTLER 
IRIS 

1200  NEW  YORK  AVE.,  NW 
SUITE  800 

WASHINGTON,  DC  20005 

CATHERINE  DE  GROOT-HEDLIN 

UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO 

INSTITUTE  OF  GEOPHYSICS  AND  PLANETARY  PHYSICS 

8604  LA  JOLLA  SHORES  DRIVE 

SAN  DIEGO,  CA  92093 

SEAN  DORAN 
’ACIS 
DCI/ACIS 

WASHINGTON ,  DC  20505 


RICHARD  J.  FANTEL 
BUREAU  OF  MINES 
DEPT  OF  INTERIOR,  BLDG  20 
DENVER  FEDERAL  CENTER 
DENVER,  CO  80225 


RALPH  ALEWINE 
NTPO 

1901  N.  MOORE  STREET,  SUITE  609 
ARLINGTON,  VA  22209 


MUAWIA  BARAZANGI 

INSTITUTE  FOR  THE  STUDY  OF  THE  CONTINENTS 

3126SNEEHALL 

CORNELL  UNIVERSITY 

ITHACA,  NY  14853 

T.G.  BARKER 

MAXWELL  TECHNOLOGIES 

P.O.  BOX  23558 

SAN  DIEGO,  CA  92123 


THERON  J.  BENNETT 
MAXWELL  TECHNOLOGIES 
1 1800  SUNRISE  VALLEY  DRIVE  SUITE  1212 
RESTON,  VA  22091 


JONATHAN  BERGER 

UNIVERSITY  OF  CA,  SAN  DIEGO 

SCRIPTS  INSTITUTION  OF  OCEANOGRAPHY  IGPP,  0225 

9500  GILMAN  DRIVE 

LA  JOLLA,  CA  92093-0225 

STEVEN  BRATT 
NTPO 

1901  N.  MOORE  STREET,  SUITE  609 
ARLINGTON,  VA  22209 


LESLIE  A.  CASEY 
DOE 

1000  INDEPENDENCE  AVE.  SW 
NN-20 

WASHINGTON,  DC  20585-0420 

STANLEY  DICKINSON 
AFOSR 

1 10  DUNCAN  AVENUE,  SUITE  B1 15 
BOLLING  AFB 

WASHINGTON,  D.C.  20332-001 
DIANE  1.  DOSER 

DEPARTMENT  OF  GEOLOGICAL  SCIENCES 
THE  UNIVERSITY  OF  TEXAS  AT  EL  PASO 
EL  PASO,  TX  79968 


JOHN  FILSON 
ACIS/TMG/NTT 
ROOM  6T1 1  NHB 
WASHINGTON,  DC  20505 


I 


MARK  D.  FISK 

MISSION  RESEARCH  CORPORATION 
735  STATE  STREET 
P.O.  DRAWER  719 
SANTA  BARBARA,  CA  93102-0719 

LORI  GRANT 
MULTIMAX,  INC. 

3 1 1 C  FOREST  AVE.  SUITE  3 
PACIFIC  GROVE,  CA  93950 


1.  N.  GUPTA 
MULTIMAX,  INC. 

1441  MCCORMICK  DRIVE 
LARGO,  MD  20774 


IAN  MACGREGOR 
NSF 

4201  WILSON  BLVD.,  ROOM  785 
ARLINGTON,  VA  22230 


ROBERT  GEIL 
DOE 

PALAIS  DES  NATIONS,  RM  D615 
GENEVA  10,  SWITZERLAND 


HENRY  GRAY 

SMU  STATISTICS  DEPARTMENT 
P.O.  BOX  750302 
DALLAS,  TX  75275-0302 


DAVID  HARKRIDER 
PHILLIPS  LABORATORY 
EARTH  SCIENCES  DIVISION 
29  RANDOLPH  ROAD 
HANSCOM  AFB,  MA  01731-3010 

THOMAS  HEARN 

NEW  MEXICO  STATE  UNIVERSITY 
DEPARTMENT  OF  PHYSICS 
LAS  CRUCES,  NM  88003 


MICHAEL  HEDLIN 

UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO 
SCRIPTS  INSTITUTION  OF  OCEANOGRAPHY  IGPP,  0225 
9500  GILMAN  DRIVE 
LA  JOLLA,  CA  92093-0225 

EUGENE  HERRIN 

SOUTHERN  METHODIST  UNIVERSITY 
DEPARTMENT  OF  GEOLOGICAL  SCIENCES 
DALLAS,  TX  75275-0395 


VINDELL  HSU 
HQ/AFTAC/TTR 
1030  S.  HIGHWAY  AlA 
PATRICK  AFB,  FL  32925-3002 


RONG-SONG  JIH 
PHILLIPS  LABORATORY 
EARTH  SCIENCES  DIVISION 
29  RANDOLPH  ROAD 
HANSCOM  AFB,  MA  0173 1-3010 

LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-200 
LIVERMORE,  CA  94551 


DONALD  HELMBERGER 

CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 

DIVISION  OF  GEOLOGICAL  &  PLANETARY  SCIENCES 

SEISMOLOGICAL  LABORATORY 

PASADENA,  CA  91125 

ROBERT  HERRMANN 
ST.  LOUIS  UNIVERSITY 

DEPARTMENT  OF  EARTH  &  ATMOSPHERIC  SCIENCES 
3507  LACLEDE  AVENUE 
ST.  LOUIS,  MO  63103 

ANTHONY  lANNACCHIONE 
BUREAU  OF  MINES 
COCHRANE  MILL  ROAD 
POBOX  18070 

PITTSBURGH,  PA  15236-9986 
THOMAS  JORDAN 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
EARTH,  ATMOSPHERIC  &  PLANETARY  SCIENCES 
77  MASSACHUSETTS  AVENUE,  54-918 
CAMBRIDGE,  MA  02139 

LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-221 
LIVERMORE,  CA  94551 


LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

LLNL 

POBOX  808, MS L- 175 
LIVERMORE,  CA  94551 


LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-208 
LIVERMORE,  CA  94551 


2 


LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-202 
LIVERMORE,  CA  94551 


LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-195 
LIVERMORE,  CA  94551 


'LAWRENCE  LIVERMORE  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  808,  MS  L-205 
‘LIVERMORE,  CA  94551 


ANATOLI  L.  LEVSHIN 
DEPARTMENT  OF  PHYSICS 
UNIVERSITY  OF  COLORADO 
CAMPUS  BOX  390 
BOULDER  CO  80309-0309 

LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 
PO  BOX  1663,  MS  F659 
LOS  ALAMOS,  NM  87545 


THORNE  LAY 

UNIVERSITY  OF  CALIFORNIA,  SANTA  CRUZ 
EARTH  SCIENCES  DEPARTMENT 
EARTH  &  MARINE  SCIENCE  BUILDING 
SANTA  CRUZ,  CA  95064 

DONALD  A.  LINGER 
DNA 

6801  TELEGRAPH  ROAD 
ALEXANDRIA,  VA  22310 


LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 
PO  BOX  1663,  MS  F665 
LOS  ALAMOS,  NM  87545 


LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 
PO  BOX  1663,  MS  D460 
LOS  ALAMOS,  NM  87545 


GARY  MCCARTOR 

SOUTHERN  METHODIST  UNIVERSITY 
DEPARTMENT  OF  PHYSICS 
DALLAS,  TX  75275-0395 


BRIAN  MITCHELL 

DEPARTMENT  OF  EARTH  &  ATMOSPHERIC 
ST.  LOUIS  UNIVERSITY 
3507  LACLEDE  AVENUE 
ST.  LOUIS,  MO  63103 

JOHN  MURPHY  . 

MAXWELL  TECHNOLOGIES 
1 1800  SUNRISE  VALLEY  DRIVE  SUITE  1212 
RESTON,  VA  22091 


LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 
PO  BOX  1663,  MS  C335 
LOS  ALAMOS,  NM  87545 


KEITH  MCLAUGHLIN 
MAXWELL  TECHNOLOGIES 
P.O.  BOX  23558 
SAN  DIEGO,  CA  92123 


RICHARD  MORROW 
USACDA/IVI 
320  21ST  STREET,  N.W. 
WASHINGTON,  DC  20451 


JAMES  NI 

NEW  MEXICO  STATE  UNIVERSITY 
DEPARTMENT  OF  PHYSICS 
LAS  CRUCES,  NM  88003 


JOHN  ORCUTT 

’  INSTITUTE  OF  GEOPHYSICS  AND  PLANETARY  PHYSICS 
UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO 
LA  JOLLA,  CA  92093 


PACIFIC  NORTHWEST  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  999,  MS  K7-34 
RICHLAND,  WA  99352 


PACIFIC  NORTHWEST  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  999,  MS  K6-48 
RICHLAND,  WA  99352 


PACIFIC  NORTHWEST  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  999,  MS  K6-40 
RICHLAND,  WA  99352 
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PACIFIC  NORTHWEST  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  999,  MS  K6-84 
RICHLAND,  WA  99352 


FRANK  PILOTTE 

HQ/AFTAC/TT 

1030  S.  HIGHWAY  AlA 

PATRICK  AFB,  FL  32925-3002 


JAY  PULLI 
BBN 

1300  NORTH  17TH  STREET 
ROSSLYN,  VA  22209 


DAVID  RUSSELL 
HQ  AFTAC/TTR 
1030  SOUTH  HIGHWAY  AlA 
PATRICK  AFB,  FL  32925-3002 


PACIFIC  NORTHWEST  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

PO  BOX  999,  MS  K5-12 
RICHLAND,  WA  99352 


KEITH  PRIESTLEY 
DEPARTMENT  OF  EARTH  SCIENCES 
UNIVERSITY  OF  CAMBRIDGE 
MADINGLEY  rise,  MADINGLEY  ROAD 
CAMBRIDGE,  CB3  OEZ  UK 

PAUL  RICHARDS 
COLUMBIA  UNIVERSITY 
LAMONT-DOHERTY  EARTH  OBSERVATORY 
PALISADES,  NY  10964 


CHANDAN  SAIKIA 

WOOODWARD-CLYDE  FEDERAL  SERVICES 
566  EL  DORADO  ST.,  SUITE  100 
PASADENA,  CA  91 101-2560 


SANDIA  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

DEPT.  5704 

MS  0979,  PO  BOX  5800 
ALBUQUERQUE,  NM  87185-0979 

SANDIA  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 

DEPT.  9311 

MS  1159,  PO  BOX  5800 
ALBUQUERQUE,  NM  87185-1 159 

SANDIA  NATIONAL  LABORATORY 
ATTN;  TECHNICAL  STAFF  (PLS  ROUTE) 

DEPT.  5736 

MS  0655,  PO  BOX  5800 
ALBUQUERQUE,  NM  87185-0655 

AVISHAPIRA  - 
SEISMOLOGY  DIVISION 

THE  INSTITUTE  FOR  PETROLEUM  RESEARCH  AND 
GEOPHYSICS 

P.O.B.  2286,  NOLON  58122  ISRAEL 

MATTHEW  SIBOL 
ENSCO,  INC. 

445  PINEDA  COURT 
MELBOURNE,  FL  32940 


JEFFRY  STEVENS 
MAXWELL  TECHNOLOGIES 
P.O.  BOX  23558 
SAN  DIEGO,  CA  92123 


SANDIA  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 
DEPT.  5791 

MS  0567,  PO  BOX  5800 
ALBUQUERQUE,  NM  87185-0567 

SANDIA  NATIONAL  LABORATORY 
ATTN:  TECHNICAL  STAFF  (PLS  ROUTE) 
DEPT.  5704 

MS  0655,  PO  BOX  5800 
ALBUQUERQUE,  NM  87185-0655 

THOMAS  SERENO  JR. 

SCIENCE  APPLICATIONS  INTERNATIONAL 

CORPORATION 

10260  CAMPUS  POINT  DRIVE 

SAN  DIEGO,  CA  92121 

ROBERT  SHUMWAY 
410  MRAK  HALL 
DIVISION  OF  STATISTICS 
UNIVERSITY  OF  CALIFORNIA 
DAVIS,  CA  95616-8671 

DAVID  SIMPSON 
IRIS 

1200  NEW  YORK  AVE.,  NW 
SUITE  800 

WASHINGTON,  DC  20005 

BRIAN  SULLIVAN 
BOSTON  COLLEGE 
INSITUTE  FOR  SPACE  RESEARCH 
140  COMMONWEALTH  AVENUE 
CHESTNUT  HILL,  MA  02167 
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DAVID  THOMAS 
ISEE 

29100  AURORA  ROAD 
CLEVELAND,  OH  44139 


NAFITOKSOZ 

EARTH  RESOURCES  LABORATORY,  M.I.T. 
42  CARLTON  STREET,  E34-440 
CAMBRIDGE,  MA  02142 


LAWRENCE  TURNBULL 

ACIS 

DCI/ACIS 

WASHINGTON,  DC  20505 


GREG  VAN  DER  VINK 
IRIS 

1200  NEW  YORK  AVE.,  NW 
SUITE  800 

WASHINGTON,  DC  20005 


FRANK  VERNON 

UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO 
SCRIPPS  INSTITUTION  OF  OCEANOGRAPHY  IGPP,  0225 
9500  GILMAN  DRIVE 
LA  lOLLA,  CA  92093-0225 


DANIEL  WEE^L 
NSF 

EAR-785 

4201  WILSON  BLVD.,  ROOM  785 
ARLINGTON,  VA  22230 


RUSHAN  WU 

UNIVERSITY  OF  CALIFORNIA  SANTA  CRUZ 
EARTH  SCIENCES  DEPT. 

1156  HIGH  STREET 
SANTA  CRUZ,  CA  95064 

JAMES  E.  ZOLLWEG 
BOISE  STATE  UNIVERSITY 
GEOSCIENCES  DEPT. 

1910  UNIVERSITY  DRIVE 
BOISE,  ID  83725 

DEFENSE  TECHNICAL  INFORMATION  CENTER 
8725  JOHN  J.  KINGMAN  ROAD 
FT  BEL  VOIR,  VA  22060-6218  (2  COPIES) 


TERRY  WALLACE 
UNIVERSITY  OF  ARIZONA 
DEPARTMENT  OF  GEOSCIENCES 
BUILDING  #77 
TUCSON,  AZ  85721 

JAMES  WHITCOMB 
NSF 

NSF/ISC  OPERATIONS/EAR-785 
4201  WILSON  BLVD.,  ROOM785 
ARLINGTON,  VA  22230 

JIAKANG  XIE 
COLUMBIA  UNIVERSITY 
LAMONT  DOHERTY  EARTH  OBSERVATORY 
ROUTE  9W 

PALISADES,  NY  10964 

OFFICE  OF  THE  SECRETARY  OF  DEFENSE 
DDR&E 

WASHINGTON,  DC  20330 


TACTEC 

BATTELLE  MEMORIAL  INSTITUTE 
505  BUNG  AVENUE 

COLUMBUS,  OH  43201  (FINAL  REPORT) 


PHILLIPS  LABORATORY 
ATTN:  GPBP 
29  RANDOLPH  ROAD 
HANSCOM  AFB,  MA  01731-3010 


T  PHILLIPS  LABORATORY 
ATTN:  RESEARCH  LIBRARY/TL 
5  WRIGHT  STREET 
’  HANSCOM  AFB,  MA  01731-3004 


PHILLIPS  LABORATORY 
ATTN:  GPE 
29  RANDOLPH  ROAD 
HANSCOM  AFB,  MA  01731-3010 


PHILLIPS  LABORATORY 
ATTN:  PL/SUL 
3550  ABERDEEN  AVE  SE 
KIRTLAND,  NM  871 17-5776  (2  COPIES) 
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